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Influence of Age on Decision Making by 
Ovipositing Pieris rapae (Lepidoptera: Pieridae)
Brett Breitkreutz, Tracy L.E. Wagner, and Rodrigo J. Mercader*
Department of Biology, 1700 SW College Ave., Washburn University, Topeka, KS 66621
*Corresponding author: (e-mail: rodrigo.mercader@washburn.edu; phone: (785) 670-2091)
Abstract
Due to its effect on the time available for host selection and learning, butterfly age is 
expected to alter the degree of host specificity and potentially niche breadth. Here, we use 
the small cabbage white, Pieris rapae (L.) (Lepidoptera: Pieridae), to test the effect of age 
on ovipositional specificity and decision-making time. Specifically, we examined the ovipo-
sitional behavior of P. rapae 4, 8, and 12 days post-emergence. Females were recorded in 
thirty-minute trials using leaves of two hosts, mustard leaves, Brassica juncea (L.) Czern., 
and collard greens, Brassica oleracea L. Acephala group, and the non-host common bean, 
Phaseolus vulgaris L.. Subsequently, we measured the duration of drumming events (a proxy 
for decision-making time) and whether the leaves were accepted or rejected as ovipositional 
substrates. As would be expected if prior experience influenced ovipositional behavior, we 
saw a reduction in the duration of drumming events as females aged. In particular, we saw 
a reduction in duration of drumming events when rejecting the non-host between days 4 
and days 8 and 12. We also detected a decrease in drumming time between days 4 and 
8 when accepting hosts, but an increase in drumming time between days 8 and 12 when 
accepting hosts. These results suggest both an increased ability to recognize hosts and an 
increase in selectivity with age.
Keywords: host selection, egg limitation, host specificity, oviposition behavior
Adult ovipositional behavior can 
determine the larval environment and con-
sequently the realized host range of many 
plant-feeding insect species. Therefore, 
understanding the factors that affect oviposi-
tional behavior can help us understand how 
host breadth may evolve. Over half a century 
ago Levins and Macarthur (1969) proposed 
that the costs imposed by decision-making 
on foraging herbivorous insects were a ma-
jor component determining host breadth in 
plant feeding insects. Bernays and Wcislo 
(1994) formalized this concept into a “neural 
hypothesis”, which proposes that specializa-
tion (e.g., narrower host range) may arise 
from limitations in the ability to gather and 
process information. In particular, foraging 
herbivorous insects with fewer number of 
choices (competing stimuli) require a lower 
attentional load, leading to decreased error 
rate and decision-making time (e.g., Bernays 
2001, Egan and Funk 2006, Tosh et al. 2009).
For many butterfly species, oviposi-
tional behavior of adult females determines 
larval resource use and therefore represents 
a foraging decision expected to experience 
high selective pressure. Host selection by 
ovipositing females under the “hierarchical 
threshold model” (Courtney et al. 1989) is 
believed to be determined by genetically 
fixed preference hierarchies (Miller and 
Strickler 1984, Courtney et al. 1989, Mer-
cader and Scriber 2007). Therefore, within 
the “hierarchical threshold model” each 
host plant is expected to have an intrinsic 
acceptability threshold determined by 
positive and negative stimuli and plants 
low in the acceptability threshold will only 
be accepted when the insect’s state has 
changed. Consequently, while the relative 
preference ranking between hosts is fixed, 
how tightly host preferences are adhered to 
(i.e. specificity) is believed to be plastic and 
may be modified by intrinsic factors such as 
physiological state, adult experience, age, 
and fecundity (Miller and Strickler 1984, 
Bossart and Scriber 1999, Mercader and 
Scriber 2005, Gamberale-Stille et al. 2019). 
These non-genetic intrinsic factors act as a 
form of phenotypic flexibility that can influ-
ence the host breadth of species (Miller and 
Strickler 1984, Mercader and Scriber 2005, 
Fordyce 2006) and lead to within species 
variability.
Age has long been considered an im-
portant factor affecting host selection (Gos-
sard and Jones 1977) due to its effects on in-
sect physiological state (Miller and Strickler 
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1984), time available for host selection (West 
and Cunningham 2002; Rosenheim 1999 
a,b), and experience (e.g., Papaj and Prokopy 
1989, Snell-Rood and Papaj 2009, Jones and 
Agrawal 2019). Models suggest that as ovi-
positing insects age, a decrease in specificity 
is expected due to a heightened risk of not 
finding any suitable hosts, even towards 
the end of a lifetime for organisms initially 
limited by available eggs (Rosenheim, 1999 
a,b). However, organisms that consume lim-
ited resources as adults may experience egg 
limitations later in life, ultimately leading 
to increased specificity (Rosenheim 1999 a,b; 
Rosenheim et al. 2008; Rosenheim 2011). In 
addition, as adult females age, they also have 
the potential to become more efficient forag-
ers due to prior experience (e.g. Papaj and 
Prokopy 1989, Snell-Rood and Papaj 2009, 
Jones and Agrawal 2019), thereby also in-
creasing specificity. Therefore, as ovipositing 
adults age, specificity may decrease due to 
time limitation or increase due to experience 
and/or egg limitations.
Here we take advantage of the small 
cabbage white, Pieris rapae (L.) (Lepidop-
tera: Pieridae), a specialist on members 
of the Brassicaceae family that has long 
been the subject of studies on ovipositional 
behavior (e.g., Richards 1940, Gossard and 
Jones 1977, Renwick and Radke 1988, Lund 
et al. 2019), to investigate the effect of aging 
on decision-making by ovipositing females. 
Specifically, we test a) the effect of age on 
ovipositional specificity and b) if ovipositing 
females exhibit reduced decision-making 
time with age/experience. Upon alighting 
on a plant, females of many butterfly species 
searching for oviposition sites will engage 
in a behavior known as “drumming”, which 
consists of rapidly moving their forelegs 
across the surface of the leaf (Schoonhoven 
et al. 2005). This behavior allows females 
to evaluate the ovipositional substrate, by 
exposing contact chemoreceptors in the 
tarsi to stimulant and deterrent compounds 
on the leaf surface. This behavior is well 
described (Schoonhoven et al. 2005) for P. 
rapae and provides an identifiable behavior 
linked to host plant evaluation. In addition, 
P. rapae are known to exhibit adult learning 
(Snell-Rood and Papaj 2009) and experience 
reduced egg laying with age (Gossard and 
Jones 1977), making them ideal candidates 
for this study.
Materials and Methods
Study organism: Pieris rapae in-
dividuals were purchased as eggs from 
Carolina Biological Supply Co. and reared 
on green cabbage leaves Brassica oleracea 
L. var. capitata. Larvae were maintained 
at room temperature under an 18:6 L:D 
photoperiod, allowed to pupate, transferred 
to individual emergence cages, and females 
were numbered on the front wings prior to 
introduction to a common cage along with 
males. Butterflies were provided an artificial 
nectar solution of 15 % honey-water solution 
and a lepidopteran Ringer’s solution (follow-
ing Lederhouse et al. 1990) to ensure male 
fertility. Cabbage leaves were introduced 
daily for a one-hour period between 10 AM 
and 2 PM to allow females to oviposit. Fe-
males that were a part of the ovipositional 
assays were removed from the common cage 
on days in which they were assayed as they 
were presented ovipositional substrates 
during the assays.
Three-choice oviposition assays: 
Three choice assay using leaves of two hosts, 
mustard leaves, Brassica juncea (L.) Czern., 
and collard greens, Brassica oleracea Aceph-
ala group, and the non-host common bean, 
Phaseolus vulgaris L. were performed and 
filmed on 17 butterflies at 4, 8, and 12 days 
post emergence. B. juncea and B. oleracea 
were chosen as two hosts based on experience 
from prior assays using B. juncea and B. ol-
eracea with P. rapae females from the same 
source. In particular, previous assays had 
indicated a preference for B. juncea under 
similar conditions, but not an overwhelming 
preference for B. juncea (B. juncea preferred 
in most, but not all assays). For each assay, 
a single fresh leaf of each of the three plants 
was placed individually over small glass 
cylinder (6 cm diameter and 7 cm height) 
and secured with Parafilm® exposing only 
the upper circular surface area for each 
assay; ensuring identical leaf surface area 
was exposed for each leaf and each assay. 
Cylinders with leaves were placed on the far 
side of a 60 × 30 × 30 cm (L × W × H) glass 
aquarium in a row with the sides and back 
walls covered in black cardboard. The order 
of each leaf in the row (i.e., left, middle, or 
right) was randomized between assays. A 
video recorder was placed on the front wall 
of the aquarium, and a light placed above the 
leaves. Prior to each assay butterflies were 
cooled for 2 minutes at 6-8 °C, placed in the 
enclosure, and allowed to heat up and then 
filmed for 30 minutes.
No-choice oviposition assays: To 
determine whether age decreased rejection 
time when non-hosts were encountered, we 
first conducted no-choice assays consisting 
of a leaf of the non-host P. vulgaris. Assays 
were performed and filmed prior to every 
three-choice trial on the same females as the 
three-choice trial. The setup was identical to 
the three-choice trial, with the exception that 
only a P. vulgaris leaf was available.
Behavior Coding: Films were viewed 
and the duration of each drumming event 
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and whether it led to egg laying or not were 
coded for 11 butterflies that laid eggs during 
at least two of the three choice trials using 
Solomon Coder (Péter 2011). Eleven but-
terflies laid eggs during days 4 and 8, and 
9 butterflies laid eggs during all three trial 
days. In total 1494 drumming events were 
recorded and 872 eggs were laid by these 11 
butterflies during the trials.
Statistical analysis: All analyses 
conducted using R (R Core Team, 2019).
Host specificity: In our assays, very few 
eggs were laid on P. vulgaris, and we were 
solely interested in shifts in the proportion of 
eggs laid between the two hosts. Therefore, 
as the proportion of eggs laid per day for each 
butterfly are correlated all analyses were run 
on the proportion of eggs laid per trial on the 
preferred host, B. juncea. We used General 
Linear Mixed Effect Models (GLMM) with 
proportion of eggs laid on B. juncea as the 
response variable, individual butterfly as 
a random effect, and age as a fixed effect 
using the lme4 package (Bates et al. 2015). 
Proportion of eggs laid on B. juncea were 
arcsine transformed to meet distribution 
assumptions. Statistical significance was de-
termined using likelihood ratio tests (LRT).
Decision making time: The effect of 
age/experience on decision-making time 
(duration of drumming) was tested in two 
main formats. We first tested effect of 
host and age on the duration of drumming 
events as a GLMM with host, age, and their 
interaction as fixed effects and individual 
butterfly as a random effect. Subsequently, 
we analyzed the effect of age on duration of 
drumming events on the preferred host and 
non-host separately as GLMM’s with age as 
a fixed effect and butterfly ID as a random 
effect. Finally, we contrasted the duration of 
drumming events when the two host plants 
(B. juncea and B. olereacea) were rejected or 
accepted as GLMM’s with choice (rejected 
or accepted) and age as a fixed effect and 
butterfly ID as a random effect. Duration of 
drumming events were square root trans-
formed to meet distribution assumptions 
and significant effects interactions were 
tested using likelihood ratio tests (LRT) and 
pairwise comparisons using Tukey’s HSD 
as implemented in the multcomp package 
(Hothorn et al. 2008).
Results
Three-choice oviposition assays: 
Host preference: The proportion of eggs laid 
on the preferred host B. juncea remained 
consistently higher throughout the trials 
and no significant effect of age was observed 
(LRT: χ2 = 2.554; df = 2; P = 0.279; Fig. 1).
Decision making time: We observed 
a significant reduction in the duration of 
drumming events with age overall (LRT: 
Figure 1. Boxplots of the proportion of eggs laid on common bean, P. vulgaris, collard greens, B. 
oleracea Acephala group, and mustard greens, B. juncea by P. rapae females 4, 8, and 12 days post 
emergence. Boxes represent interquartile ranges, heavy lines medians, whiskers minimum and max-
imum non-extreme outliers, and circles extreme outliers.
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χ2 = 39.488; df = 2; P < 0.001; Fig. 2). More 
specifically, we observed an initial reduction 
in the duration of drumming events leading 
to hosts being accepted with age (LRT: χ2 = 
39.464; df = 2; P < 0.001) and an overall re-
duction in the duration of drumming events 
leading to non-host being rejected with age 
(LRT: χ2 = 17.989; df = 2; P < 0.001). How-
ever, there was no change in the duration 
of drumming events with age for preferred 
hosts when rejected (LRT: χ2 = 1.024; df = 
2; P = 0.599) and insufficient observations of 
acceptance of the non-host to analyze. Within 
drumming events leading to the acceptance 
Figure 2. Mean duration of drumming events 
(seconds) by P. rapae females 4, 8, and 12 days 
post emergence a) when accepting hosts (B. ol-
eracea Acephala group, and B. juncea), b) when 
rejecting hosts, or c) when rejecting the non-host 
(P. vulgaris). Means followed by the same letter 
are not significantly different at the P < 0.05 level 
(Tukey’s HSD).
of hosts, we saw an initial reduction in drum-
ming duration for accepted hosts between 
4-day old and 8-day old butterflies, followed 
by an increase between 8-day old and 12-day 
old butterflies (Fig. 2a). Within non-hosts we 
saw a reduction in drumming time in both 
8- and 12-day old butterflies compared to 
4-day old butterflies (Fig. 2c).
In addition, we observed an overall 
greater duration of drumming events when 
hosts were rejected than accepted (LRT: χ2 
= 94.45; df = 1; P < 0.001). Suggesting, that 
within these assays when females were being 
more selective and rejecting a host plant, 
decision making times were increased.
No-choice oviposition assays: Very 
few drumming events took place in no-choice 
assays ( < 20 compared ~1500 in three choice 
assays) and none of the butterflies performed 
drumming behaviors during all three no-
choice assay. In contrast, all butterflies that 
laid eggs during the three choice assays 
(described below) also drummed on the non-
host P. vulgaris. These results suggest that 
P. rapae females foraging for ovipositional 
substrates are unlikely to meaningfully in-
teract with non-host plants in the absence 
of neighboring host plants.
Discussion
Although an overall effect of age on 
ovipositional preference amongst hosts was 
not observed, we observed a distinct effect 
on the duration of drumming events. Tarsal 
drumming behavior is exceedingly common 
in butterflies and strongly linked with con-
tact chemoreception (Renwick and Chew 
1994), a key component of host plant recogni-
tion and acceptance/rejection of hosts. Here 
we observed both an initial reduction in the 
duration of drumming events, as expected 
if prior experience influenced ovipositional 
behavior, and subsequently an increase in 
the duration of drumming events when ac-
cepting hosts, as would be expected if female 
selectivity were to increase with age (Fig. 2).
Pieris rapae females exhibited an 
overall reduction in the duration of drum-
ming events with age, indicating faster de-
cision-making time with age/experience. In 
particular, there was a marked reduction in 
duration of drumming events when accepting 
hosts or rejecting non-hosts between days 
4 and 8 (Fig. 2), suggesting an increased 
ability to recognize hosts from non-hosts. 
However, between days 8 and 12 we saw an 
increase in the duration of drumming events 
when hosts were accepted, but not when 
rejecting hosts or non-hosts (Fig. 2). This 
suggests that older females were capable of 
faster decision-making, yet decision-making 
time was longer when accepting hosts in 
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the final trial. Tradeoffs between speed and 
accuracy in foraging herbivores have been 
well-established (Bernays 2001) and a bias 
towards accuracy would be expected if an 
egg limitation were present.
It is worth noting that during no-choice 
assays using the non-host P. vulgaris very 
few drumming events occurred throughout 
all assays. This suggests that behaviors 
leading to oviposition are rare in the absence 
of suitable hosts. However, host searching in 
complex environments containing multiple 
non-hosts is common and increased neural 
capacity has been previously observed in P. 
rapae foraging in complex compared to sim-
ple environments (Snell-Rood et al. 2009). 
Here we observed within P. rapae females 
primarily exposed to a simple environment 
(a single host present in non-testing arenas) 
a decrease in decision-making time when 
rejecting or accepting hosts in a previously 
experienced environment. However, we also 
found that as females age an increase in 
decision-making time could become present 
when accepting hosts. Although the design of 
this study does not allow us to separate the 
effects of experience and age, the observed 
patterns suggest that as females age, for-
aging efficiency may be modulated by both 
experience and aging.
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Susceptibility, Preference, and Suitability of Carpinus and Ostrya 
Taxa for Gypsy Moth Larvae (Lepidoptera: Lymantriidae)
Fredric Miller* and Susan Wiegrefe
The Morton Arboretum, 4100 Illinois Route 53, Lisle, IL 60532
* Corresponding author: (e-mail: fmiller@jjc.edu; 630-719-2427)
Abstract
Twenty Carpinus taxa and three Ostrya taxa, growing in the tree breeding produc-
tion area at The Morton Arboretum, Lisle, IL, were evaluated in laboratory bioassays for 
feeding susceptibility, preference, and suitability for gypsy moth (Lymantria dispar (L.)) 
(Lepidoptera: Lymantriidae) larvae. No-choice and multiple-choice laboratory feeding 
studies revealed that C. coreana, C. fargesii, C. laxiflora, and the hybrid C. caroliniana × 
C. orientalis were the least suitable for larval development and pupation, and were less 
preferred by gypsy moth larvae. Suitability rankings for gypsy moth larval development 
time were highly correlated with larval longevity, but the proportion of larvae pupating 
was not correlated with either larval longevity or with larval development time. Pupal fresh 
weights were not correlated with either larval longevity or with larval development time. 
However, larval dry frass weights were correlated with the proportion of larvae pupating, 
but not correlated with pupal fresh weights. Leaf toughness and leaf thickness do not appear 
to be factors in gypsy moth larval suitability and preference.
Keywords: Susceptibility, preference suitability, gypsy moth, Lymantria dispar, 
Carpinus, Ostrya
Since its introduction into the United 
States in the mid-19th century, the gypsy 
moth Lymantria dispar (L.) (Lepidoptera: 
Lymantriidae) is still considered one of the 
most destructive and persistent pest of nurs-
ery crops, landscape plants, and rural and 
urban forest trees. Gypsy moth larvae feed 
on over 500 species of woody plant (Forbush 
and Fernald 1896, Liebhold et al. 1995) 
preferring oaks (Quercus spp.) (Barbosa and 
Krischik 1987), and other hardwood species 
(Elkinton and Liebhold 1990, Shields et al. 
2003). Chronic defoliation can lead to trees 
that may be predisposed to abiotic factors 
such as drought, and biotic factors includ-
ing lethal secondary wood-boring insects 
and pathogens, for example, the two-lined 
chestnut borer (Agrilus bilineatus) (Weber) 
and pathogens such as Armillaria root rot 
(Armillaria mellea). Common to most woody 
landscape and forest trees, host plant re-
sistance for L. dispar has historically been 
compiled from anecdotal field studies and 
observations (Forbush and Fernald 1896, 
Mosher 1915) and while helpful, these 
studies require some level of interpretation 
as for host susceptibility, preference, and 
suitability. More recently, Liebhold et al. 
(1995) ranked over 600 North American 
angiosperm and gymnosperm tree species 
as to their susceptibility to the gypsy moth 
based on previous field and laboratory tests. 
These susceptibility and suitability rankings 
were based on gypsy moth defoliation, larval 
abundance, growth and survival, larval foli-
age preference, pupal weights, and ratio of 
pupal weight on host to the pupal weight on 
white oak (Q. alba) (standard host) (Liebhold 
et al. 1995). Concurrently, extensive studies 
have focused on the relative susceptibility 
and suitability of black oak (Q. velutina), 
bur oak (Q. macrocarpa), cherrybark oak 
(Q. pagoda), northern red oak (Q. rubra), 
pin oak (Q. palutris), swamp white oak (Q. 
bicolor), white oak (Q. alba), willow oak, (Q. 
phellos), northern pin oak (Q. ellipsoidalis), 
southern red oak (Q. falcata), water oak 
(Q. nigra), chestnut oak (Q. prinus), post 
oak (Q. stellata), sessile oak (Q. petraea), 
Turkey oak (Q. cerris), Hungarian oak (Q. 
frainetto), and Garry oak (Q. garryana) be-
cause of the importance of the genus in the 
ecology and sustainability of eastern and 
mid-western North American and European 
forests (Barbosa and Capinera 1977; Barbosa 
and Greenblatt 1979; Barbosa et al. 1983; 
Lechowicz and Jobin 1983; Mauffette et al. 
1983; Lechowicz and Mauffette 1986; Mill-
er and Hanson 1989a,b; Miller et al. 1991; 
Montgomery 1991; Davidson et al. 1999; 
Foss and Rieske 2003; Rieske et al. 2003; 
Shields et al. 2003; Miller 2008; Milanovic 
et al. 2014). However, of the over 600 tree 
species listed in Liebhold et al. (1995), only 
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Carpinus caroliniana, and Ostrya virginiana 
are listed with suitability rankings of 2 and 
1, respectively. Additionally, Mauffette et al. 
(1983) found O. virginiana to be strongly pre-
ferred in Quebec compared to New England 
where it is considered an intermediate host.
With the recent accessibility of China 
to foreign plant exploration, a wide variety 
of Asiatic woody plant material, including 
Carpinus and Ostrya taxa, has been discov-
ered and developed for possible use in tree 
breeding programs and for increasing plant 
diversity in urban forests and landscapes 
(Ware 1992, 1995). With the recent loss of 
millions of North American ash (Fraxinus 
spp.) trees to the emerald ash borer (EAB) 
(Agrilus planipennis Fairmaire), and maples 
(Acer spp.) and other hardwoods to the Asian 
long-horned beetle (ALB) (Anoplophora gla-
bripennis (Motschulsky)), there is an import-
ant and critical need for the development, 
and availability of new urban tree species 
for replanting in EAB and/or ALB affected 
areas, and to minimize the economic impact 
on communities and municipalities for the 
need for chemical protection from gypsy 
moth defoliation (Poland and McCullough 
2006, Raupp et al. 2006, Sydnor et al. 2007, 
Kovacs et al. 2010, Sadof et al. 2011, Van-
natta et al. 2012, Hauer and Peterson 2017, 
Herms et al. 2019). With the exception of the 
aforementioned North American species of 
C. caroliniana and O. virginiana (Liebhold 
et al. 1995), to the best of our knowledge, no 
studies have been conducted on the relative 
susceptibility, preference, and suitability of 
recently acquired and developed Carpinus 
and Ostrya taxa of North American, Europe-
an, and Asian parentage for the gypsy moth. 
Here, we report the results of a study to 
determine the relative susceptibility, feeding 
preference, and suitability of Carpinus and 
Osytra taxa in no-choice and multiple-choice 
laboratory feeding bioassays for gypsy moth 
larvae. Results from this study will contrib-
ute to the use of additional taxa in landscape 
and urban forest plantings, which will min-
imize the need for application of chemical 
insecticides, and contribute to more diverse 
landscapes and urban forest settings.
Materials and Methods
No-choice (NC) laboratory larval 
feeding trials. No-choice larval feeding 
trials were conducted using newly hatched 
first instar gypsy moth larvae. Twenty 
Carpinus taxa and three Ostrya taxa were 
evaluated for relative susceptibility, larval 
feeding preference, and suitability for larval 
development (refer to Table 1 for a listing of 
Carpinus and Osytra taxa tested). Candidate 
Carpinus and Ostrya taxa were growing in 
The Morton Arboretum (TMA) tree breeding 
nursery production area at Lisle, IL, and 
ranged in height from 2 to 4 m and 8 to 10 
cm dbh.
For the laboratory no-choice (NC) 
and multiple choice (MC) bioassay feeding 
tests, fully developed Carpinus leaves were 
randomly selected from the terminal 15 cm 
of each of four mid-canopy branches per 
tree from all four cardinal directions. The 
leaves were brought back to the entomology 
lab and held in cold storage in plastic bags 
at 5 °C for a maximum of 2 d. Leaves from 
each single tree replicate were combined 
for the laboratory bioassays. Depending 
on tree availability, one to three individual 
trees (replicates) each of either Carpinus or 
Ostrya taxon were evaluated. Bur oak (Q. 
macrocarpa) a highly preferred host of the 
gypsy moth, served as the standard.
First instar gypsy moth larvae, used in 
the NC and MC laboratory feeding studies, 
were reared from overwintering egg masses 
collected in late spring from infested trees 
on the grounds of TMA. Prior to use, the 
egg masses were held in brown Kraft paper 
bags in a refrigerator at approximately 4 
°C. The egg masses were then placed in an 
incubator under a photoperiod of 16:8 (L:D) 
at approximately 25 °C. Within 24 hours of 
hatching, a cohort of 10 larvae was randomly 
selected and placed in a one liter (one quart) 
plastic container, with a screened lid to allow 
for ventilation, with foliage from the test 
Carpinus or Ostrya taxon. The containers 
were placed in plastic trays and were held 
in an incubator under a photoperiod of 16:8 
(L:D) at approximately 25 °C. The containers 
were examined daily for larval mortality, 
evidence of feeding, and pupation. Foliage 
was replaced every two days. Depending on 
availability, one to three single tree repli-
cates, of each Carpinus and Ostrya taxon, 
were assayed with 10 individual larvae for 
a total of 10 to 30 larvae per taxon. The 
bioassay for a given larva was terminated 
at adult emergence. Larval longevity was 
determined as the difference in the days 
from the date the larva was first introduced 
to the foliage until pupation or death. Larval 
development time was the difference in days 
from initial introduction to the foliage until 
pre-pupation. Within 12 hours of pupation, 
each individual pupa was weighed (nearest 
0.001 g) to obtain the pupal fresh weight. 
Gypsy moth pupae were held at room tem-
perature until adult emergence or until the 
pupa was determined to be dead due to lack 
of movement following repeated prodding 
with a probe. The proportion of larvae reach-
ing pupation was calculated by recording the 
total number of larvae that pupated in each 
of the containers for all single tree replicates 
(1 to 3) for a given taxon. At the termination 
of the no-choice larval feeding bioassay trial, 
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the fecal pellets from each of the containers 
for each taxon were dried in an oven at 50 °C 
and then weighed (nearest 0.001 g).
Multiple-choice (MC) laboratory 
larval feeding bioassay. The larval mul-
tiple-choice laboratory feeding bioassays 
were conducted as previously described by 
Miller et al. (2001a). For each of the three 
multiple-choice bioassays, ten first instar 
gypsy moth larvae were placed into each of 
10 plastic petri dishes (0.6 × 15.0 cm). Each 
petri dish served as a replicate. Three leaf 
discs, 2.54 cm in diameter, representing one 
of each of the different Carpinus taxon choic-
es, were placed into each dish and randomly 
arranged around the perimeter. The larvae 
had access to all foliage discs. The petri dish-
es were placed in clear plastic bags to prevent 
drying of the leaf discs and were held in an 
incubator under a photoperiod of 16:8 (L:D) 
at ~25 °C. Condensation of water on the lid 
of the petri dish indicated a high relative 
humidity. The dishes were examined daily 
for three days. Each day, the foliage discs 
were removed from the dishes, replaced, 
and visually evaluated by two independent 
estimators, to the nearest 5%, and their 
estimates were averaged. The estimators 
used a defoliation template to determine 
the proportion of leaf tissue removed (Hall 
and Townsend 1987; Miller and Ware 1997, 
1999a; Miller et al. 1999, 2001a, 2001b). 
New foliage discs were arranged randomly 
around the perimeter of each dish to elimi-
nate possible bias.
Measuring Carpinus leaf tough-
ness and thickness. Prior to using the 
leaves for the NC laboratory feeding trials, 
each leaf was measured for leaf thickness 
and inner and outer leaf toughness. Leaves 
were collected in the field as previously 
described. In the lab, leaf thickness was 
determined by measuring the leaf using a 
Vernier caliper to the nearest micrometer. 
For outer leaf toughness, the pentrometer 
(Chatillon™ digital force meter, Greensboro, 
N.C.) was applied within 0.5 cm from the leaf 
edge; for inner toughness, the pentrometer 
was applied to the center of the leaf adjoining 
the mid-rib.
Measures of larval susceptibility, 
preference, and suitability. Measures 
of susceptibility for gypsy moth larvae was 
quantified by the percent of leaf tissue 
removed in the NC feeding bioassays and 
the amount of larval frass production (dry 
weight). Host preference was a function of 
the percent of leaf tissue removed in the 
MC feeding bioassays. Host suitability was 
determined by larval development time to 
pupation (days), percent of larvae pupating, 
pupal fresh weight (mg), and the percent of 
adult emergence. In order to further define 
host suitability for gypsy moth larvae, pu-
pation, and adult emergence, we employed 
a suitability ranking system as described 
by Montgomery (1991), and summarized by 
Liebhold et al. (1995) by calculating the ratio 
of male and female pupal fresh weights for 
larvae feeding on Carpinus and Ostrya hosts 
evaluated in the NC feeding studies to the 
male and female pupal fresh weights (male = 
0.339 g; female = 0.886 g) for larvae feeding 
on bur oak (Q. macrocarpa), a preferred stan-
dard. For example, in our study, the mean 
suitability ranking (SR) for C. caroliniana 
was calculated to be 0.65 (0.221 g/0.339 g) 
for male pupae and 0.68 (0.720 g/0.886 g) 
for female pupae (where the numerator 
is the male/female pupal fresh weight for 
larvae feeding on C. caroliniana, and the 
denominator is the male/female pupal fresh 
weight for larvae feeding on Q. macrocarpa, 
respectively).
Statistical Analysis. Measures of 
susceptibility, preference, and suitability 
for gypsy moth larvae were subjected to 
analysis of variance (ANOVA) using taxon 
as the main effect. Means of significant effect 
(5%) were compared with the Dunn’s test. 
Coefficients of correlation were calculated by 
regression analysis for larval development 
time with percent pupation, percent adult 
emergence, pupal fresh weight, frass dry 
weight, leaf thickness, and leaf toughness; 
percent pupation was regressed with percent 
adult emergence; pupal fresh weight with 
frass dry weight, and leaf thickness and leaf 
toughness; and leaf thickness and toughness 
with mean frass dry weight. Host suitability 
rankings (SRs) were regressed with male and 
female pupal weights. The percent of leaf 
tissue removed, proportion of larvae pupat-
ing, and proportion of adults emerging for 
each taxon were arcsine transformed before 
analysis to correct for non-normality. All 
data are presented as original means ± SEM. 
Data were analyzed using the SigmaStat for 
Windows (Jandel Scientific 1992).
Results
Gypsy moth larval development 
time to pupation. A summary of mean 
larval development time to pre-pupation 
is presented in Table 1. Overall, there was 
no significant difference in mean larval de-
velopment time to pre-pupation with mean 
male and female larvae taking 46 and 47 
days, respectively. Larvae failed to pupate 
when feeding on C. coreana, C. fargesii, C. 
orientalis, and the hybrid C. caroliniana × C. 
orientalis, living a mean of 11 days (range = 5 
to 23 days). Male larvae feeding on C. betula, 
C. turczanianari, O. japonica, Q. macrocarpa 
(reference species), and the hybrids of C. car-
oliniana × C. cordata, and C. caroliniana × C. 
11
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laxiflora completed pupation in significantly 
fewer days (mean = 56 days; range = 51 to 
59 days) compared to larvae feeding on C. 
caroliniana, C. tschonoskii, and the hybrid C. 
caroliniana × C. tschonoskii (mean = 66 days; 
range = 65 to 67 days) (F = 31.1; P = 0.04). 
Larvae feeding on the remaining Carpinus 
and Ostrya taxa were intermediate in com-
pleting pupation (mean = 60 days; range = 
54 to 66 days). Female larvae, feeding on O. 
japonica, O. virginiana, and the reference 
species, Q. macrocarpa completed pupation 
in a significantly shorter time (mean = 54 
days; range = 51 to 56 days) compared to 
larvae feeding on C. japonica, C. turcza-
moamari., and the hybrid C. caroliniana × 
C. laxiflora taking a mean of 72 days (range 
= 71 to 73 days) (F = 2.8; P < 0.001). Female 
larvae feeding on the remaining taxa were 
intermediate in completing pupation (mean 
= 62 days; range = 57 to 67 days).
Frass production. Larval frass dry 
weight production is summarized in Table 1. 
Larvae feeding on C. betulus, C. caroliniana, 
C. causcica, C. laxiflora, C. tschonoskii,, C. 
turczaninari, and O. carpinifolia, and the 
hybrids of C. caroliniana × C. cordata, C. 
caroliniana × C. coreana, and C. caroliniana 
× C. tschonoskii produced significantly more 
frass (mean = 14.5 g; range = 11 to 18 g) 
compared to larvae feeding on C. cordata, C. 
japonica, O. virginiana, and the hybrids of 
C. betula × C. tschonoskii, C. caroliniana × 
C. laxiflora with less than 7.4 g of frass pro-
duced (F = 3.9; P < 0.001). Larvae feeding on 
the other Carpinus and Ostrya taxa and the 
reference species, Q. macrocarpa produced 
intermediate amounts of frass (mean = 10.1 
g; range 9.162 to 10.417 g). Larvae feeding 
on C. coreana, C. fargesii, C. orientalis, and 
the hybrid C. caroliniana × C. orientalis did 
not produce any frass (Table 1). The time 
for larval development to pupation was not 
reflective of frass production, (r2 = 0.09; P = 
0.15) and frass production was not a good 
predictor of pupal fresh weight (r2 = 0.10; 
P = 0.19).
Mean pupal fresh weight. Male and 
female gypsy moth pupal fresh weights are 
summarized in Table 1. For all Caprinus and 
Osytra taxa, male pupae had significantly 
lower mean pupal fresh weights (0.293 g) 
compared to female pupae (0.727 g) (t = 
22287; P < 0.001). Male pupal weight was 
significantly higher for larvae feeding on C. 
causisca, C. tschonoskii, C. turczamamari, 
O. japonica, and the reference species, Q. 
macrocarpa compared to larvae feeding on C. 
caroliniana, C. japonica, O. carpinifolia, and 
the hybrids C. caroliniana × (C. betula × C. 
tschonoskii), C. caroliniana × C. coreana, C. 
caroliniana × C. laxiflora, and C. caroliniana 
× C. tschonoskii (F = 35.4; P = 0.01). The 
remaining Carpinus taxa had intermediate 
pupal fresh weights. Female pupal weights 
were significantly higher for larvae feeding 
on the preferred host of Q. macrocarpa (0.886 
g) and the highly susceptible O. japonica 
(0.907 g) compared to larvae feeding on C. 
tschonoskii (0.555 g) and the hybrids C. car-
oliniana × C. betula (0.572 g) C. caroliniana 
× (C. betula × C. tschonoskii) (0.227 g), C. 
caroliniana × C. tschonoskii (0.457 g) and 
C. cordata × C. japonica (0.509 g) (F = 2.7; 
P = 0.002). Female pupal weights for larvae 
feeding on the remaining Carpinus and Os-
trya taxa had intermediate pupal weights. 
There was no relationship (r2 = 0.0; P = 0.94) 
between larval development time to pupation 
and pupal fresh weight.
Pupation and adult emergence. 
Mean percent gypsy moth pupation and 
adult emergence is summarized in Table 
1. For all Carpinus and Ostyra taxa, there 
was no significant difference in mean male 
percent pupation (28%) versus female 
pupation (27%). Male larvae feeding on a 
majority of the Carpinus and Ostrya taxa 
had significantly higher percent pupation 
rates of (mean = 39%; range = 27% to 50%) 
compared to male larvae feeding on leaves 
of C. coreana, C. fargesii, C. orientalis, and 
the hybrid C. caroliniana × C. orientalis all 
of which failed to pupate (F = 6.1; P < 0.001). 
Male larvae feeding on C. caroliniana, C. 
japonica, C. turczamamari , and the hybrid 
C. cordata × C. japonica had intermediate 
percent pupation (mean = 11%; range 10 
to 13%). Thirty percent of male larvae pu-
pated when feeding on the reference host, 
Q. macrocarpa. Mean percent pupation 
for female larvae mirrored male pupation 
for larvae feeding on all three Ostrya taxa 
and eight Carpinus taxa with significantly 
higher mean percent pupation (mean = 33%; 
range = 20% to 47%) compared to remaining 
taxa (Table 1). Larval development time to 
pupation was a strong predictor of percent 
pupation (r2 = 0.83; P < 0.001).
There was no significant difference in 
percent male versus percent female adult 
emergence (23% versus 24%) with a male 
to female ratio of 1.2. Adult emergence was 
strongly correlated with both larval develop-
ment time to pupation (r2 = 0.90; P < 0.001) 
and percent pupation (r2 = 0.83; P < 0.001) 
with adults emerging on all of the Carpinus 
and Ostrya taxa tested (Table 1).
Multiple-choice larval feeding 
preference bioassay. A summary of the 
three gypsy moth larval multiple-choice 
(MC) studies is presented in Table 2. In MC 
#1, gypsy moth larvae preferred C. betulus 
over C. coreana and C. fargesii (24%, 20% 
and 6% leaf tissue removed, respectively) 
(F = 19.6; P < 0.001). Carpinus caroliniana 
was highly preferred over C. coreana and 
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C. fargesii in MC #2 (26%, 8%, and 3%, re-
spectively) (F = 28.7; P < 0.001). In MC #3, 
the hybrid C. caroliniana × C. orientalis was 
the least preferred (2% leaf tissue removed) 
compared to C. caroliniana and C. orientalis 
alone, both with 15% leaf tissue removed (F 
= 20.3; P < 0.001) (Table 2). In MC studies #1 
and #2, feeding preference and susceptibility 
(NC studies) were highly correlated. In MC 
study #1, gypsy moth larvae preferred the 
susceptible C. betula over the less suscep-
tible C. coreana and C. fargessi (r2 = 0.99; 
P = 0.04), and in MC study #2, the more 
susceptible C. caroliniana was much more 
preferred over the less susceptible C. cordata 
and C. fargesii (r2 = 0.99; P = 0.04). No such 
relationship was found in MC study #3, for 
gypsy moth larvae, when given a choice, be-
tween C. caroliniana, C. orientalis, and the 
hybrid C. caroliniana × C. orientalis.
Carpinus leaf thickness and tough-
ness. A summary of leaf thickness and inner 
and outer leaf toughness of Carpinus taxa 
is presented in Table 4. Carpinus betulus, 
C. caroliniana, C. orientalis, C. turczani-
novii, and the hybrids of C. caroliniana × 
C. cordata, C. caroliniana × C. coreana, C. 
caroliniana × C. orientalis, C. cordata × C. 
japonica had significantly thicker leaves 
while C. japonica and C. tschonoskii had 
the thinnest leaves (F = 116.6; P < 0.001). 
Leaves of the hybrids of C. betulus × (C. bet-
ulus × C. tschonoskii), and C. caroliniana × 
Table 2.  Multiple-choice studies for gypsy 
moth larvae feeding on Carpinus taxa 
(2006).

















C. caroliniana x C. orientalis     2±0.8a
Significance: F=20.3
  P<0.001
1Values within columns followed by the same 
letter are not significantly different (P<0.05; 
Dunn’s test)
Table 3.  Suitability rankings (SRs) for selected Carpinus and Ostrya taxa for male and 
female gypsy moth pupae compared to the reference species, Quercus macrocarpa.
Taxa Male Pupal Female Pupal
  Suitability Ranking1 Suitability Ranking1
Carpinus betulus 0.941±0.0829ab 0.813±0.0888ab
C. caroliniana 0.651±0.158a 0.684±0.0680ab
C. causcisa 1.009±0.0376b  0.876±0.0532ab
C. cordata 0.789±0.138ab 0.688±0.194ab
C. japonica 0.767±0.0257ab ----2
C. laxiflora 0.844±0183ab 0.782±0.272ab
C. tschonoskii 1.047±0.221b 0.626±0.0892a
C. turczaninari 0.951±0.0458ab ----2
Ostrya carpinifolia 0.760±0.0584ab 0.709±0.183ab
O. japonica 0.978±0.0912ab 1.023±0.0693b
C. betulus x tschonoskii 0.641±0.120a 0.790±0.0660ab
C. caroliniana x betulus 0.896±0.0726ab 0.646±0.0558a
C. carolinian x (betulus x tschonoskii) 0.670±0.0489ab 0.590±0.0971a
C. caroliniana x cordata 0.882±0.0594ab 0.633±0.160a
C. caroliniana x coreana 0.758±0.0514ab 0.810±0.0512ab
C. caroliniana x laxiflora 0.693±0.0828ab  ----2
C. caroliniana x tschonoskii 0.697±0.0788ab 0.516±0.00113a
C. cordata x japonica 0.773±0.0919ab 0.574±0.0892a
Quercus macrocarpa 0.999±0.119b 1.000±0.0572b
  
Significance:   F=1.7, P=0.049 F=2.5, P=0.004
1Values within columns followed by the same letter are not significantly different (P<0.05; Dunn’s 
test)
2Larvae failed to reach pupation
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C. laxiflora, and the species, C. cordata, and 
C. laxiflora were intermediate in thickness. 
Inner leaf portions of the hybrids C. betulus 
× tschonoskii, C. caroliniana × coreana, C. 
caroliniana × orientalis, and species, C. 
betulus and C. cordata, were significantly 
tougher than the inner leaf portions of C. 
japonica leaves. Inner leaf toughness for 
the other taxa was intermediate (F = 62.2; 
P < 0.001). Outer leaf toughness was less 
variable with only the leaves of the hybrids 
C. caroliniana × cordata and C. caroliniana 
× orientalis being significantly tougher than 
C. japonica (F = 68.1; P < 0.001). Outer leaf 
toughness for the remaining Carpinus taxa 
was intermediate (Table 4). Leaf thickness 
was correlated with outer leaf toughness (r2 
= 0.25; P = 0.03), but was not related to inner 
leaf toughness.
Effect of leaf thickness and tough-
ness on the susceptibility and suitabil-
ity of Carpinus taxa to larval feeding. 
Larval development time to pre-pupation 
was not correlated with Carpinus leaf thick-
ness (r2 = 0.03; P=0.67) but was related to 
inner (r2 = 0.30; P = 0.03) and outer leaf 
thickness (r2 = 0.30; P = 0.03). Further, mean 
pupal fresh weight and leaf thickness (r2 = 
0.12, P=0.18) were not related, but pupal 
fresh weight was related to inner (r2 = 0.31, 
0.56; P = 0.04) and outer leaf toughness (r2 
= 0.31, 0.56; P = 0.04). Leaf thickness and 
outer leaf toughness do not appear to be good 
predictors of frass production (thickness = r2 
= 0.20; P = 0.08; outer toughness = r2 = 0.18; 
P = 0.10), but frass production was related 
to inner leaf toughness (r2 = 0.24; P = 0.05).
Suitability Rankings (SRs). Suit-
able rankings (SRs), for male and female 
gypsy moth larvae feeding on Carpinus and 
Ostyra taxa, are summarized in Table 3. For 
all taxa tested, the overall mean male SR was 
0.85 (range = 0.64 to 1.05) and 0.77 (range 
= 0.52 to 1.02) for female pupae, indicating 
that the majority of the Carpinus taxa tested 
in this study have a moderate to high host 
suitability for gypsy moth larvae. The SRs 
for C. caroliniana (male = 0.66 and female 
= 0.68), and for O. virginiana (male = 0.76 
and female = 0.95) were within Liebhold’s et 
al. (1995) rating of 2 (SR range = 0.5 to 0.9) 
for a marginal to intermediate host (i.e. C. 
caroliniana), and a rating of 1.0 (SR great-
er than 0.9) for an intermediate to highly 
preferred host (i.e. O. virginiana). Host suit-
ability significantly affected male and female 
pupal weights differently (t = 22287.000; 
P = <0.001). Overall, female pupae were 
approximately 2.5 times heavier than male 
pupae (male = 0.293 g versus female = 0.721 
g). Our findings, for these two taxa, are 
consistent with results reported by Mosher 
Table 4.  Summary of leaf thickness (microns), and inner and outer leaf toughness 
(grams) of selected Carpinus taxa.
  Thickness Toughness (grams)
Taxa1 (microns) Inner Outer
Carpinus betulus    250.00±25.0d 17.8286±5.9b 19.5657±1.0b
Carpinus betulus × (C. betulus × C. tschonoskii) 145.00±13.0ab 16.3657±4.8ab 14.4457±2.1ab
Carpinus betulus × C. tschonoskii    180.00±18.0b 19.5657±5.7bc     17.0057±2.5ab
Carpinus caroliniana    202.50±14.0c 17.3714±4.9b     15.0857±3.2ab
Carpinus caroliniana × 
     (C. betulus × C.  tschonoskii)    175.00±17.5b 15.2686±6.1ab 13.8057±1.4ab
Carpinus caroliniana × C. cordata      202.50±40.2c 16.2743±5.2ab 16.9143±1.5ab
Carpinus caroliniana × C. coreana       222.50±44.1c 21.5771±5.6bc     23.3143±2.1c
Carpinus caroliniana × C. laxiflora     162.50±10.7b 16.6857±1.2ab 15.0400±1.2ab
Carpinus caroliniana × C. orientalis       212.50±11.0c 48.8343±14.6c 45.0743±5.4d
Carpinus carolinana × C. tschonoskii 190.00±9.5b 16.4571±4.2ab 14.7200±1.6ab
Carpinus cordata    145.00±11.6ab 21.0286±8.6bc    15.8171±2.1ab
Carpinus cordata × C. japonica    170.00±13.6b 16.0914±4.1ab 14.7200±2.0ab
Carpinus coreana       207.50±22.1c 19.4743±5.2bc 19.2000±1.8b
Carpinus fargesii    180.00±10.8b 19.8400±5.3ab 18.5600±1.6ab
Carpinus japonica     117.50±8.9a   9.9657±2.1a 8.96000±1.0a
Carpinus laxiflora      125.00±6.2ab 16.0000±4.0ab 14.9943±1.3ab
Carpinus orientalis      207.50±21.6c 27.8857±8.7bc 29.9886±3.2bc
Carpinus tschonoskii      157.50±10.9ab 16.9143±4.8ab 17.0057±1.6ab
Carpinus turczaninovii    207.50±21.1c 17.0057±4.2ab 15.3600±1.6ab
Significance:    F=116.6 F=62.2     F=68.1
     P<0.001 P<0.001      P<0.001
1Values within columns followed by the same letter are not significantly different (P<0.05; Dunn’s 
test)
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(1915), Mauffette et al. (1983), Montgomery 
(1991), Twery (1991), Liebhold et al. (1995), 
and Fite (2019). Carpinus causcica (SR = 
1.00) and C. tschonoskii (SR = 1.05), and the 
reference species, Q. macrocarpa (SR = 1.00) 
were significantly more suitable hosts for 
male larval development compared to male 
larvae feeding on C. caroliniana (SR = 0.65), 
and the hybrid C. betulus × C. tschonoskii 
(SR = 0.64). All of the additional Carpinus 
and Osytra taxa (SR range = 0.67 to 0.98) 
were intermediately suitable for male gypsy 
moth larvae. Ostrya japonica (SR = 1.02) and 
the reference species, Q. macrocarpa (SR = 
1.00) were significantly more suitable for 
female larval development compared to C. 
tschonoskii (SR = 0.63), and the hybrids, C. 
caroliniana × C. betula (SR = 0.65), C. caro-
liniana × (C. betula × C. tschonoskii) (SR = 
0.59), C. caroliniana × C. cordata (SR = 0.63), 
C. caroliniana × C. tschonoskii (SR = 0.52), 
and C. cordata × C. japonica (SR = 0.57). All 
of the additional Carpinus and Osytra taxa 
(SR range = 0.68 to 0.81) were intermediately 
suitable for female gypsy moth larval devel-
opment (F = 2.5; P = 0.004) (Table 3). Both 
male and female pupal weights were strong 
predictors of suitability (male: r2 = 0.88; P < 
0.001; female: r2 = 0.87; P < 0.001).
Discussion
In this study, we examined the relative 
susceptibility, preference, and suitability of 
Carpinus and Ostrya taxa for feeding and 
development by gypsy moth larvae, which 
will hopefully provide new insight into the 
potential use of these taxa in an overall tree 
breeding program.
Gypsy moth larvae feed on a wide va-
riety of woody plant hosts. Variation in host 
susceptibility, preference, and suitability can 
be quite variable across and within genera 
(Mosher 1915, Barbosa and Capinera 1977, 
Barbosa and Greenblatt 1979, Mauffette 
et al. 1983, Lechowicz and Mauffette 1986, 
Berisford et al. 1990, Montgomery 1991, 
Liebhold et al. 1995, Foss and Rieske 2003, 
Miller 2008, Pearse 2011, Fite 2019).
Plants protect themselves from her-
bivores in one of two ways; by using either 
physical plant traits, chemical defenses, and/
or a combination of both. In all likelihood, 
that is the case here with Carpinus and 
Ostrya taxa (Hoxie et al. 1975; Meredith 
and Schuster 1979; Johnson et al. 1980a,b; 
Ryan et al. 1982; Matsuda and Senbo 1986; 
Tingey and Laubengayer 1986; Doss et al. 
1987; Potter and Kimmerer 1989; Ranney 
and Walgenbach 1992; Spicer et al. 1995; 
Patton et al. 1997; Fulcher et al. 1998; Rowe 
and Potter 2000; Dalin and Bjorkman 2003). 
Gypsy moth host plant leaf chemistry has 
been widely studied on a variety of plant 
hosts, and undoubtedly plays a major role in 
host plant defense against the gypsy moth 
(Thorsteinson 1960; Barbosa and Greenblatt 
1979; Mattson 1980; Scriber and Slansky 
1981; Schultz et al. 1982; Martinat and 
Barbosa 1987; Mattson and Scriber 1987; 
Schultz 1988; Foss and Rieske 2003; Rieske 
et al. 2003; Paluch et al. 2008, 2009), but 
was beyond the scope of this study. However, 
here we will discuss physical plant charac-
teristics (i.e. leaf thickness, toughness, and 
pubescence) of Carpinus leaves, and their 
possible role in relative host susceptibility, 
preference, and suitability for gypsy moth 
larvae.
Relative susceptibility, preference 
and suitability of Carpinus taxa for 
gypsy moth larval development. The 
acceptability of a host plant by a herbivore 
is considered an indicator of host suscepti-
bility and suitability (Martinat and Barbosa 
1987, Montgomery 1994). In our study, host 
susceptibility was reflective of host suit-
ability (r2 = 0.50; P < 0.001). Using larval 
frass production as a measure of feeding 
susceptibility, the vast majority of the taxa 
tested here appear to be moderately to highly 
susceptible to feeding by gypsy moth larvae; 
exceptions being C. coreana, C. fargesii, and 
C. orientalis and the hybrid C. caroliniana × 
C.orientalis where larvae failed to produce 
any measurable frass.
Physical plant traits, such as leaf 
toughness and thickness, can be main 
factors affecting invertebrate feeding, and 
usually correlate with leaf fiber and lignin 
content (Tanton 1962, Graca and Zimmer 
2005). Agrawal and Fishbein (2006) found 
leaf toughness could be used to predict her-
bivory of many plants including milkweeds 
(Asclepias spp.). Leaf thickness and tough-
ness may also play a role in the relative 
susceptibility, preference, and suitability of 
Carpinus and Osytra taxa for feeding by and 
development of gypsy moth larvae. Pearse 
(2011) found that for leaf-feeding caterpil-
lars, oak leaf toughness was one of the best 
predictors of tussock moth survival along 
with water content, and condensed and total 
tannin content. He also he found a negative 
correlation between caterpillar survival 
and leaf toughness. Conversely, Keathley 
and Potter (2008) found that fall webworm 
larvae preferred the thicker and tougher 
leaves of lilac (Syringa vulgaris), Bradford 
pear (Pyrus calleryana ‘Decaisne’), dogwood 
(Cornus florida), and tuliptree (Lirodendron 
tulipfera) over the thinner, and more tender 
leaves of sassafras (Sassafras albidum) and 
little leaf linden (Tilia cordata). Our results 
are similar to Keathley and Potter (2008) 
in that inner and outer leaf toughness was 
positively correlated with gypsy moth larval 
longevity, but larval longevity was not cor-
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related with leaf thickness. Additionally, in 
our multiple choice feeding bioassays, when 
given a choice, gypsy moth larvae tended to 
prefer the thicker and tougher leaves of C. 
betulus, C. caroliniana, C. coreana, and C. 
orientalis over the thinner and less tough C. 
fargesii leaves.
Larval survival has been a common 
criteria used to document host suitability, 
with high first instar survival indicating 
high suitability and low first instar larval 
survival suggesting poor host susceptibility 
(Barbosa and Krischik 1987; Martinat and 
Barbosa 1987; Miller and Hanson 1989 a,b). 
In our study, larval development time and 
survival were not correlated with leaf thick-
ness, but were correlated with inner and 
outer leaf toughness. Larvae feeding on the 
tougher leaves of C. coreana, C. orientalis, 
and the hybrid C. caroliniana × C. orientalis 
only lived 7 to 22 days, failed to pupate, and 
produced little or no frass. Additionally, only 
20% and 27% of larvae feeding on the tough-
er leaves of C. caroliniana and C. cordata 
pupated, respectively. Carpinus orientalis 
has thick and tough leaves, and is native to 
Eastern Europe and Asia Minor which most 
likely overlaps with the historical origins of 
the gypsy moth. Consequently, historical 
co-evolution may have contributed to the 
reduced suitability of C. orientalis as a 
host. Miller et al. (2001a) found that spring 
and fall cankerworm larvae feeding on the 
thicker and tougher Asian elm leaves lived 
a shorter period of time, had extended larval 
development time, failed to pupate or had 
low (less than 11% pupation) rates, and re-
moved less than 15% of leaf tissue compared 
to larvae feeding on thinner and less tough 
North American elm taxa. However, co-evo-
lution does not completely explain the lack of 
larval host suitability. For example, C. car-
oliniana, which is native to North America, 
has tough leaves and is considered to be an 
intermediate to moderate gypsy moth larval 
host (Mosher 1915; Montgomery 1991, 1994; 
Fite 2019). Conversely, C. coreana, which is 
native to Korea, also has tough leaves, but 
when given a choice was not preferred by 
gypsy moth larvae. In all likelihood, neither 
of these aforementioned plant species would 
have co-evolved with the gypsy moth, but 
would be expected to be somewhat suitable 
hosts.
Gypsy moth larvae generally complete 
development between 35–40 days on highly 
suitable hosts (Barbosa and Capinera 1977, 
Barbosa and Greenblatt 1979, Miller and 
Hanson 1989a). In our study, there was no 
significant difference in male and female 
larval development time to pupation (males 
= 46 days; females = 47 days) on suitable 
hosts; development time was well within the 
range for known moderate to highly suitable 
hosts (mean = 42 days; range = 34–51 days) 
(Barbosa and Capinera 1977, Barbosa and 
Greenblatt 1979, Miller and Hanson 1989a). 
In this study, larval development time to 
pupation was highly correlated with percent 
pupation and adult emergence (pupation: r2 
= 0.83; P < 0.001; adult emergence (r2 = 0.81, 
P < 0.001), indicating that the longer the lar-
vae fed the more likely they were to pupate 
and emerge as adults. Conversely, larvae 
feeding on unsuitable Carpinus hosts lived a 
mean of l3 days (range of 5-23 days) and none 
of the larvae completed larval development 
or pupated. However, longer larval develop-
ment time to pupation did not necessarily 
reflect a higher pupal fresh weight or greater 
larval frass production, and frass production 
did not reflect pupal fresh weight. For exam-
ple, larvae feeding on the highly preferred 
host, bur oak (Q. macrocarpa) took 43 days 
to reach the pupal stage, but produced sig-
nificantly less frass (9.2 mg). Larvae feeding 
on the moderately suitable C. carolinana and 
C. causcisa hosts took a similar number of 
days (45 and 46 days, respectively) to reach 
the pupal stage, but produced significantly 
more frass. Consistent with our findings, 
Miller et al. (1991) found that larval devel-
opment was not correlated with pupal fresh 
weight or frass production for gypsy moth 
larvae feeding on Garry oak (Q. garryana) 
and red alder (Alnus rubra). Additionally, 
Foss and Rieske (2003) found that bur oak 
(Q. macrocarpa) was the most preferred of 
five oak species tested, but gypsy moth larvae 
consumed relatively small amounts of foli-
age and developed rapidly. Bur oak leaves 
in their study were the toughest, contained 
the highest levels of carbohydrates and tan-
nins, and only moderate levels of nitrogen. 
Similarly, Miller, F. (in prep) also found 
that gypsy moth larvae feeding on thicker 
and tougher bur oak leaves had a relatively 
shorter development time and lower frass 
production compared to six other common 
oak species tested. Results from this study 
and other gypsy moth suitability studies 
suggest that there is considerable variation 
either in the nutritional value and/or host 
plant chemistry of Carpinus and Oystra taxa 
which may significantly affect larval devel-
opment, but not enough to prevent pupation.
It is well-known that leaf trichomes 
help protect plants from insect herbivores 
specifically as it relates to feeding, growth, 
survival, and oviposition (Pillemer and Ting-
ey 1976, Ramalho et al. 1984, Fordyce and 
Agrawal 2001). Feeding may be negatively 
correlated with trichome density, which 
is generally considered a “soft weapon” in 
plant defense compared to other plant traits 
(Levin 1973; Danielson et al. 1987; Potter et 
al. 1998; Miller and Ware 1999a,b; Miller et 
al. 1999; Miller 2000; Miller et al. 2001a,b; 
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Dalin and Bjorkman 2003; Dalin et al. 2008). 
Plants have the ability to produce glandular 
(chemical-producing) and non-glandular tri-
chomes. They may vary in morphology and 
genetics, and even within individual plant 
species (MacLean and Byers 1983; South-
wood 1986; Agrawal 1999, 2000; Werker 
2000; Dalin and Bjorkman 2003; Loe et al. 
2007). Non-glandular trichomes function in 
structural defense and have low nutritional 
value while glandular trichomes provide 
both structural and chemical defense and 
may contain terpenes and alkaloids that act 
as feeding deterrents or toxins (Levin 1973, 
Rautio et al. 2002, War et al. 2012). Gypsy 
moth larvae feed by consuming the entire 
leaf, including leaf veins, in contrast with 
other insect herbivores, which skeletonize 
(i.e. Japanese beetle, Popillia japonica 
Newman), “windowpane” (i.e. leaf beetle 
larvae), or chew holes in the leaves (i.e. adult 
leaf beetles and flea weevils). In this study, 
pubescent and non-pubescent leaves were 
equally fed upon, indicating that leaf and 
veinal pubescence does not affect feeding 
susceptibility, preference, or suitability. 
For example, C. japonica and C. tschonoskii 
both have pubescent leaves, were moderately 
susceptible to larval feeding, and were highly 
suitable for larval development (Krussman 
1976). Similarly, the leaves of C. caroliniana, 
C. cordata, C. orientalis, and C. turczaniowii 
all have thin pubescence on the veins and 
midrib on the leaf underside (Krussman 
1976), and were also found to be moderately 
to highly susceptible and preferred, but not 
very suitable. Miller et al. (2001a) found, in 
multiple-choice bioassays feeding studies, 
that there was no consistent feeding prefer-
ence pattern for leaf consuming spring and 
fall cankerworm larvae feeding on pubescent 
elm leaves.
Using the suitability rankings (SRs), 
as previously described by Montgomery 
(1991) and Liebhold et al. (1995), we found 
a strong correlation between both male and 
female pupal weights and host suitability, 
(male pupae: r2 = 0.87; P < 0.001; female 
pupae: r2 = 0.88; P < 0.001). Suitability 
appears to have a significant effect on both 
male and female pupal weights with females 
weighing nearly 2.5 times more than males. 
A mean suitability ranking (SR) of 0.85 
for male pupae (range = 0.64 to 1.05) and 
female pupae 0.77 (range = 0.52 to 1.02), 
for all taxa, indicate that the vast majority 
of Carpinus and Ostrya taxa have moderate 
to high host suitability for gypsy moth lar-
vae. More specifically, our SRs for male and 
female gypsy moth pupae for C. caroliniana 
(male = 0.66; female = 0.68) and SRs of 0.76 
(male) and 0.95 (female) for O. virginiana, 
are comparable to suitability rankings iden-
tified by Liebhold et al. (1995) suggesting C. 
caroliniana represents an intermediate host 
and O. virginiana an intermediate to highly 
preferred host (Mosher 1915, Montgomery 
1991, Twery 1991, Liebhold et al. 1995, 
Fite 2019).
Hybridization, feeding suscepti-
bility and preference, and suitability 
of Carpinus taxa for gypsy moth larvae. 
In this study, it appears that hybridization 
may have a either a stabilizing, positive, or 
negative influence on host susceptibility, 
preference, and suitability for gypsy moth 
larvae, may be polygenic, and may not be 
the result of single gene expression (Paige 
and Capman 1993, Orions 2000, Cheng et 
al. 2011). It is well known that secondary 
metabolites are a common chemical defense 
employed by plants against herbivorous 
insects and hybridization may increase the 
variation of secondary metabolites affecting 
herbivore resistance (Rieseberg and Ell-
strand 1993, Patton et al. 1997, Fulcher et al. 
1998, Orians 2000, Cheng et al. 2011). Fur-
ther, most secondary metabolites (SMs) in 
hybrids may also be present in the parents, 
but hybrids may also miss some parental 
secondary metabolites or have novel ones 
(Paige and Capman 1993, Cheng et al. 2011, 
Lopez-Caamal and Tovar-Sanchez 2014). 
Hybridization appeared to have a stabilizing 
effect on the moderate suitability of the indi-
vidual species of C. betulus, C. caroliniana, 
C. cordata, and C. tschonoskii and their as-
sociated hybrids of C. betulus × tschonoskii, 
C. carolinana × betulus, C. caroliniana × 
(betulus × tschonoskii, and C. caroliniana 
× cordata) which were also moderately 
suitable for gypsy moth larval development. 
Further, when the moderately suitable C. 
caroliniana (SR = 0.65) was hybridized with 
the unsuitable (SR = 0, no larvae reached pu-
pation) species of C. coreana, the SR for the 
resulting hybrid (C. caroliniana × C. cordata) 
increased (SR = 0.81). In contrast, when the 
highly preferred (SR = 0.80) C. cordata was 
hybridized with the unsuitable C. japonica 
(SR = 0), the SR value for the hybrid (C. 
cordata × C. japonica) decreased (SR = 0.57). 
Apparently, the unsuitable traits associated 
with C. coreana were not preserved in the 
hybrid leading to higher suitability, but 
were preserved with C. japonica resulting 
in lower suitability. More dramatically, 
when C. caroliniana was crossed with the 
unsuitable species of C. orientalis (SR = 0), 
the resulting C. caroliniana × C. orientalis 
hybrid was also unsuitable (SR = 0) for gypsy 
moth larval development. These findings are 
further supported in multiple-choice study 
#3 (MC-3), where, when given a choice, gypsy 
moth larvae removed significantly more leaf 
tissue from C. caroliniana and C. orientalis 
leaves compared to the C. caroliniana × C. 
orientalis hybrid. In contrast, hybridization 
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rendered the C. caroliniana × C. laxiflora hy-
brid unsuitable compared to the moderately 
suitable parents of C. carolinana (SR = 0.65) 
and C. laxiflora (SR = 0.79).
In conclusion, based on the finding in 
this study, there does not appear to be a large 
pool of Carpinus or Ostrya taxa suitable 
for future tree breeding programs and for 
use in areas where gypsy moth outbreaks 
are frequent. However, there are a few 
Carpinus taxa (i.e. C. coreana, C. fargesii, 
C. orientalis, and the hybrid C. carolinana 
× C. orientalis) on which gypsy moth larvae 
were not able to complete development, pu-
pate, or reach the adult stage. The genera 
of Carpinus and Ostrya consist of a number 
of small to medium-sized deciduous trees 
which are distributed across the temperate 
regions of the northern hemisphere. Most 
are slow growing and can tolerate a variety 
of soil conditions (i.e. moisture, pH, and 
texture), and require minimal maintenance 
(i.e. pruning) making them good candidates 
for use in urban settings as hedges, screen-
ing and group plantings, and parkway and 
landscape trees particularly in areas where 
chronic gypsy moth feeding pressure is ab-
sent or rare, reducing the need for intensive 
chemical protection (Krussman 1976, Raupp 
et al. 1992, Dirr 2009, Sjoman et al. 2019). 
In order to make better use of the genotypic 
and phenotypic attributes of Carpinus and 
Osytra taxa in urban landscapes, where 
chronic insect defoliation is common, further 
studies are needed to determine the factor(s) 
responsible for feeding susceptibility and 
preference, and host suitability of Carpinus 
and Ostrya taxa for gypsy moth larvae.
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The monarch butterfly (Danaus 
plexippus L.) (Lepidoptera: Nymphalidae) 
and its migratory behavior have been in-
vestigated for well over 70 years. Indeed, 
since 1975, the eastern cohort of the North 
American monarch butterfly has become 
known throughout the world for its spectac-
ular annual migration from the provinces 
of southern Canada and the northern tier 
states of the United States to fewer than 
a dozen well-defined overwintering roosts 
in the montane forests of Michoacan, Mex-
ico (National Geographic 1976). Migrating 
monarchs in Michigan have an extended 
migratory period, somewhat variable in 
timing and success from year to year, but 
temporally wave-like in occurrence, and most 
pronounced between 15 August and 15 Oc-
tober (Douglas 2019). Outside of Michigan, 
individual monarchs also collectively form 
successive waves of migrating butterflies 
that leave their natal locations commencing 
mid- to late August and continuing through 
the end of October in most years (Brower 
1995). Recent research suggests that a “mi-
gration window” exists when the Sun Angle 
at Solar Noon (SASN) is about 57° at the 
leading edge of the migration and 46° at the 
trailing edge. Ninety percent of the tagged 
monarchs (Monarch Watch) recovered in 
Mexico were from monarchs tagged within 
this window (Taylor et al. 2019).
Despite the current knowledge con-
cerning the environmental cues and the 
variety of possible biophysical and physio-
logical receptors involved in inducing the 
annual migration, the monarch’s pre-migra-
tory flight orientation under field conditions 
remain a poorly understood biological phe-
nomenon of seemingly unlimited complexity. 
One important aspect of monarch migratory 
behavior that has been ignored under field 
conditions is a description of any flight 
orientation behavior that then becomes the 
directional flight used by migrating butter-
flies during the late summer and early fall 
migrations. In the experiment reported here, 
I show how migratory butterflies orient when 
released over open water at a central location 
equidistant from the continuous forested 
shoreline (so that the shoreline environment 
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Biological Compass Systems of Migratory North American 
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Abstract
Here I report a unique spiraling flight and orientation behavior (comprising multiple 
clockwise and counterclockwise circles coupled by extended figure-8 patterns) observed in 
free-flying “late” migratory monarchs released under sunny ambient field conditions from 
a location with an unobstructed view of the sky. Following this spiraling flight, migrants 
continue to fly at very high altitudes until a final orientation and migratory flight direc-
tion is established with vanishing bearings statistically concentrated to the SW/W. These 
results provide preliminary evidence for the possible calibration and use of an inclination 
magnetic compass that can be used under all local free-flying field conditions. During this 
spiraling flight, migrating monarch butterflies are proposed to be measuring the direction 
and inclination of the continuously varying local magnetic field, in a manner analogous 
to the figure-8 pattern performed to calibrate digital compasses. This behavioral research 
focuses on the vital pre-migratory orientation and flight behavior that may provide a key 
behavioral link explaining how migrating monarch butterflies using a time-compensated sun 
compass system could also integrate the biophysical input from the polarized UV sensitive 
dorsal rim area (DRA) and the cellular cryptochrome (CRY) system linked to the proposed 
inclination-based magnetic compass system residing in the distal end of the antennae.
Keywords: monarch migratory orientation, monarch migratory flight, monarch 
migratory compass systems, ultraviolet sensitive DRA, CRY, inclination-based magnetic 
compass system in monarchs, orientation flight dance of monarchs.
24
The Great Lakes Entomologist, Vol. 54, No. 1 [], Art. 1
https://scholar.valpo.edu/tgle/vol54/iss1/1
2021 THE GREAT LAKES ENTOMOLOGIST 23
could not provide immediate unambiguous 
visual directional cues). Immediately follow-
ing release, each butterfly’s flight behavior 
and vanishing bearing were recorded and 
analyzed.
Materials and Methods
Wild-caught gravid female monarchs 
captured in the vicinity of Grand Rapids, 
Michigan (42.96 N, 856.67 W, USA) in Au-
gust 2015 were allowed to oviposit on mature 
native Asclepias syriaca L. established in 
a large hexagonal mesh tent (diameter of 
5 m and peak dome height of 3 m; mesh of 
0.3 cm). The tent was exposed to ambient 
environmental conditions throughout the 
study. First instar larvae were removed from 
the ovipositional plants and reared on fresh 
milkweed growing within the tent. After 
pupation, chrysalides were removed and 
hung on foam supports in the meshed tent. 
Following eclosion, newly emerged adults 
fed on nectariferous plants (e.g., cultivars of 
Lantana spp, Verbena spp, Buddleja spp) as 
well as at “nectar stations” filled with raw 
(star thistle) honey and water solution (1:10 
ratio), all of which provided adult nutrition, 
still under ambient conditions within the 
tent enclosure, until the butterflies were re-
leased. In the experimental results reported 
here, butterflies were released on 7 October 
2015 from the middle of a post-glacial kettle 
lake (Toft (Rome’s) Lake, Newaygo County, 
Michigan, 43° N, 85° W), which comprises ap-
proximately 10 hectares of surface water and 
surrounding wetlands that terminate in a 
completely forested, undeveloped shoreline.
Prior to release, butterflies were 
transferred to large cylindrical mesh cages 
(64 cm high, 40 cm diameter) composed of a 
translucent white mesh (with mesh open-
ings of .3 cm) and cinch knot tie at the top. 
They were then transported via a row boat 
to open water approximately 700 meters 
from shore in all directions with a clear and 
unobstructed view of the sky. In all cases, 
vegetation was reasonably uniform in the 
background, and immediately unavailable 
to monarchs after taking flight. Ambient 
conditions were the following: negligible 
wind to 4 mps (to avoid butterfly drift), sun-
ny skies (to provide adequate UV exposure 
to the DRA), ambient temperatures of 25°C 
(to permit controlled flight) and release 
time between 1:00 and 2:00 PM (an optimal 
diurnal migratory window for late migratory 
monarchs in Michigan (unpublished data)). 
Monarchs were allowed to exit of their own 
accord from the narrow opening at the top of 
the mesh cage created when the cinch knot 
was loosened. The monarchs readily flew up 
without provocation and, because of the lake 
surrounding them and the lack of nectarifer-
ous plants at the lakeshore, were compelled 
to take an orientation. The monarchs were 
observed until they could no longer be seen 
with a Nikon 10 × 42, 5.5-degree binocular, 
at which point the “vanishing bearing” was 
recorded.
Results
After release, 68 of 71 released mon-
archs (96 percent) flew rapidly upward using 
“powered flight” (e.g., Gibo and Pallett 1979); 
at first in very tight clockwise circles, but 
then quickly expanding clockwise circles. At 
this point, many releases made an extended 
figure-8 as they circled counter-clockwise, 
and often repeated this scenario a number 
of times (Fig. 1), until at very high altitudes 
(greater than 300m), the individuals flew 
directionally between 180° and 330° with 
a mean of 247° (SW/W). (Fig. 2). Monarchs 
released without any nearby physical struc-
ture such as trees, such as along the eastern 
shore of Lake Michigan, will continue to fly 
directionally until they are completely out 
of view. Anecdotally, monarchs have been 
observed flying over Lake Michigan, over tall 
buildings such as the Empire State Building, 
as well as by glider pilots at more than 300 
meters (Gibo 1981). The remaining 4 percent 
of released butterflies exhibited more direct 
flight, elevating quickly after several small 
circles, and then flying more directly to high 
elevation without consistent circling. This is 
in contrast to “summer monarchs” released 
during June and July, under similar condi-
tions, when only 54 percent of butterflies re-
leased exhibited circling behavior (Douglas, 
unpublished data).
It should be understood that each 
individual monarch flight orientation is 
somewhat unique (for example, some first 
flew counter-clockwise, then clockwise, and 
some repeated the reversal patterns a num-
ber of times prior to maintaining a specific 
direction). For that reason, the behavior 
cannot be specifically quantified.
Discussion
With these data of flight behavior and 
vanishing orientation in mind, it is possible 
to create a reasonable hypothesis concerning 
their significance in the much larger picture 
of monarch butterfly migration. We know 
that all life on Earth has evolved against a 
backdrop of environmental cues that entrain 
an organism’s biological rhythms to the 
external biophysical cues around it. These 
biophysical cues, or “zeitgebers” include 
latitude and longitude, the azimuthal change 
and passage of the sun across the sky (sun 
path/day arc); the type of radiation (such as 
infrared and polarized ultraviolet light) that 
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can be sensed and measured; the strength, 
declination, inclination, and regional and 
temporal variation of the magnetic field; the 
prevailing winds of land and the currents 
of oceans; gravity, and the rotation of the 
earth, its inclination, and its annual passage 
around the sun. This list is not exhaustive. 
Navigation in many organisms, whether 
diurnally or nocturnally local, or truly mi-
gratory, is dependent on the reception and 
interpretation of these biophysical cues and 
their variation over time and location.
Because of the different zeitgebers 
available, multiple modes of orientation 
are possible, depending on the group of 
organisms. In support of this statement, 
Barrie (2019) points out that “Much of the 
confusion that surrounds bird navigation, 
probably arises from the fact that birds (like 
many other animals) use a range of different 
navigational mechanisms and make their 
choice among them, according to the precise 
circumstances in which they find themselves. 
They may well have some way of assessing 
the quality of information available from 
each source, before “deciding” which system 
is likely to be the most reliable, and they 
probably use different navigational tools at 
different stages in their journeys.”
Figure 1:  Depiction of Spiraling Pre-Migratory Flight Behavior Under Field Conditions (video available 
online at https://www.youtube.com/watch?v=IcRmcI9v7b4). SASN estimated to be about 45 degrees N.
Toft (Rome’s) Lake: October 7; Clear skies, 25° C, variable winds less than 4mps, butterflies 
released from central location over the lake and vanishing directions noted:  Ninety-six percent of 
butterflies exhibited circling counterclockwise and clockwise prior to powered directional flight until 
visibly out of sight, at which point the vanishing direction was taken. Releases took place between 1:00 
and 2:00 pm, with SASN elevation at approximately 45 degrees.
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As for examples of circular displays 
of orientation in insects, Baird et al. (2012) 
and Dacke et al. (2013) determined that 
dung beetles perform a circular dance on 
top of their dung ball while observing po-
larized light patterns in the sky above it. 
This orientation procedure is vital to the 
successful movement of the dung ball in a 
straight line, thereby minimizing effort and 
maximizing the deposition of the dung ball 
away from competitors. It is hypothesized 
that the dorsal rim area (DRA), detects po-
larized light from the moon to accomplish 
this amazing straight-line orientation (see 
Stalleicken et al. (2006) for a physiological 
characterization of the DRA in monarch but-
terflies). Benvenuti et al. (1994) established 
that the red admiral, Vanessa atalanta (L.) 
performs regular multigenerational bidi-
rectional migrations from Africa to Europe, 
presumably flying along straight paths at 
average speeds of 14 km/h. Observations of 
the red admiral in Michigan, using similar 
experimental design reported here, suggests 
that they also are capable of using spiraling 
flight when released over open water. In 
contrast, other butterfly species such as 
the Aphrodite fritillary (Speyeria aphrodite 
(Fabricius)), the cabbage white (Pieris rapae 
(Linnaeus)); the silver-spotted skipper (Ep-
argyreus clarus (Cramer)), the giant swal-
lowtail (Papilio cresphontes Cramer), and 
the red-spotted purple (Limenitis arthemis 
astyanax (Fabricius)) exhibit only directional 
powered flight from their origin of release, 
often just above the water. This suggests 
Figure 2:  Vanishing Orientations (N = 71); mean vector (u) = 247 (SW/W); length mean vector ® = 
.79; circular variance = .214; circular std. dev. = 39.7; Raleigh test error function = 1E-12.
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that these latter-mentioned species do not 
have the compassing capabilities exhibited 
by monarch butterflies.
Late summer and mid-fall migrating 
butterflies from the eastern cohort of the 
North American monarch have a number of 
mechanisms they can use alone or in com-
bination (depending on the environmental 
zeitgebers available) to orient themselves 
and navigate their journey to the overwin-
tering roosts of Mexico. (These roosts may 
be over 4,000 km away from their natal 
locations; monarchs from the most north-
ern areas complete this flight in about 75 
days traveling a rough average of 50 kms 
per day, according to multiyear data from 
Monarch Watch.) For example, migratory 
monarchs may use a time-compensated sun 
compass (Perez et al. 1997), polarized light 
(Reppert et al. 2004, Stalleicken et al. 2005), 
antennal circadian clocks that coordinate 
the sun compass orientation (Merlin et al. 
2009), the integration of skylight cues via the 
sun compass (Heinze and Reppert 2011), a 
magnetic compass measuring the intensity 
of the local magnetic field as well as the 
inclination (Guerra et al. 2014). A basic un-
derstanding of the neurobiology of monarch 
butterfly migration has been established by 
Reppert et al. (2016), although Mouritsen 
et al. (2013) have suggested that monarch 
butterflies are not true navigators, and that 
their displacement from their natal origins 
a thousand miles west did not affect their 
ability to orient and choose a consistent 
flight direction that can be measured directly 
by their vanishing bearings. In addition, 
Guilford and Taylor (2014), suggest that a 
solar heading (of migrating monarchs) need 
not require time compensation at all. They 
conclude, “. . . that clock shift experiments 
alone are neither necessary nor sufficient to 
identify the occurrence of all conceivable use 
of solar information in animal orientation, 
so that a predictable response to clock shift 
should not be regarded as an acid test of the 
use of solar information in navigation.”
It seems certain, at least, that mon-
archs have a time-compensated sun compass 
and can measure the seasonal position, 
azimuth, and height of the sun in the sky; 
respond to the e-vector produced by the 
polarization of ultraviolet light; likely use 
geomagnetic strength and inclination cues 
as well as “channelizing” geographic barriers 
such as mountains and oceans. Alone or in 
combination, migrating monarchs are able 
to locate fewer than a dozen overwintering 
roosts at 3,000 m in the oyamel and false 
white pine forests of the Transvolcanic 
Mountains of central Mexico in the states 
of Michoacan and Mexico.
Recent anatomical, neural, and genetic 
research suggests that sunlight is perceived 
by the retina and records the azimuthal an-
gle of the light. Light polarization is detected 
by the specialized cells of the dorsal rim area 
(e.g., Barta et al. 2004, Labhart et al. 2009) 
and is interpreted by the central complex of 
the brain, where single neurons “combine 
the azimuthal location of the sun and the 
e-vector angle” of the polarized light (Rep-
pert 2004). Although the central complex 
processes the neural input from the sun and 
its polarized ultraviolet light, the distal tip of 
the antennae contains the receptive sensilla 
that control the circadian clock (Merlin et al. 
2009). This circadian clock relies on a tran-
scriptional-translational auto-regulatory 
negative feedback loop that drives rhythms 
in the mRNA and protein levels of core cir-
cadian clock components, which involves two 
cryptochrome proteins, CRY 1 and CRY 2. 
CRY 1 apparently functions as a blue light 
photoreceptor that “sets” the circadian clock 
whereas CRY 2 is similar to the mammalian 
CRY in that it functions as one of the major 
repressors in the feedback loop (Reppert 
et al. 2016). In effect, cryptochromes may 
define a circadian clock mechanism in mon-
arch butterflies that may itself underlie 
sun compass navigation (Kyriacou 2009). 
This would not be unexpected as Gegear et 
al. (2008) determined that cryptochromes 
mediate light-dependent magnetosensitivy 
in Drosophila.
As an integral part of their migratory 
machinery, migrating monarchs can also de-
tect the magnetic field of the earth (Zhu et al. 
2008). This would likely involve measuring 
its intensity as well as the inclination—both 
of which are available but often ambiguous 
because the inclination signal, for example, 
can easily be swamped by the daily and the 
local variations of the magnetic field. Mag-
netic sensors have not been found, and they 
could occur anywhere or everywhere on the 
body because the earth’s magnetic field easi-
ly penetrates living tissue, which means that 
the presence of magnetite is not necessarily 
an indicator that an organism possesses 
the ability to “see” the magnetic field. If so 
many different zeitgebers are available, and 
so many mechanisms of detection for orien-
tating and maintaining migratory flight are 
available, how do the monarch butterflies 
integrate them to commence and maintain 
migratory orientation?
In 1974, during a graduate ecology 
class at the University of Kansas, Dr. Orley 
(Chip) Taylor (founder of Monarch Watch) 
exposed his students to the strange spiraling 
flight pattern of some migratory monarchs 
when release over a semi-open field (1976 
personal notes, University of Kansas). At the 
time we assumed, as had Kanz (1977) and 
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others, that this flight pattern was a defen-
sive strategy in which escaping butterflies 
flew toward the sun to escape predation. Lin-
coln Brower also observed this flight pattern 
(personal communication, 2001), as has Gibo 
(1986) who attributed it to gliding and altitu-
dinal gain by circling during migration, when 
they can fly well over 1 km above the ground. 
And interestingly, released butterflies not 
exhibiting directional flight (e.g., those 
“spiraling upwards on thermal currents”) 
were excluded from analyses by Perez et al. 
(1997). According to Jonathan Weiner, even 
Fred Urquhart pondered his observations of 
spiraling flight: “They form a ring, or circle, 
and follow each other around and around, 
like children on a carrousel, drifting in the 
wind. Caged monarchs, when released, often 
fly straight up and form this magic circle.” 
Why, Urquhart does not speculate—perhaps 
it is an exercise in orientation.” (Weiner 
1983). In effect, early reports of “spiraling 
behavior” were discounted or explained in 
terms of other possible phenomena.
It should be noted, however, that a 
specific flight behavior may serve more 
than one function, just as with the colors 
of butterfly wings, which serve multiple 
functions (e.g., thermoregulation, cryptic 
coloration, warning coloration, and mate 
attraction). In this case, the unusual and 
stereotypical flight orientation of migratory 
monarch butterflies upon release could pro-
vide a reliable means of integrating all of 
the potential mechanisms used by migrating 
monarch butterflies both for orientation and 
maintaining a preferred SE-SW flight toward 
the overwintering roosts in Mexico. This 
flight pattern cannot be an escape pattern 
because the final orientation direction during 
migration, regardless of when or where 
the butterflies are released, is consistently 
between SE and SW (Douglas, unpublished 
data). In addition, released migratory but-
terflies do not fly toward the sun; their final 
vanishing direction is established within a 
few minutes of flight and is consistent and 
independent of the time of when they were 
released. Finally, this flight is active powered 
flight comprising reversals and figure-8’s—
hardly an efficient way to locate thermal 
updrafts. At first it is invariably a rapid up-
ward “explosive” flight (usually less than 30 
seconds in duration) and comprises constant 
and vigorous powered spiraling flight until a 
specific orientation and direction is achieved, 
at which point, often thousands of feet above 
ground, the butterflies continue to intermit-
tently use a mix of power flight and gliding, 
usually in a linear direction, as long as wind 
direction and strength remain stable. The 
upward spiraling flight pattern exposes the 
migratory butterflies to the polarized light 
patterns of the sun, and the circling and 
reversals could conceivably measure the 
constantly changing local magnetic field of 
the earth at the release location.
In effect, spiraling flight may be a 
behavioral means of exposing migratory 
monarchs to all of the zeitgebers they need to 
migrate in approximately the right direction 
toward the overwintering roosts, regardless 
of the environmental conditions (e.g., as 
long as ambient temperatures allow flight, 
monarchs will migrate when skies are sun-
ny, partly cloudy, and completely overcast; 
even during light rain (Floyd Preston, Uni-
versity of Kansas; personal observations), 
when thermals are very weak or absent. As 
migratory monarchs approach large open 
expanses of water, such as Lake Michigan, 
they may continue powered flight direc-
tionally over the lake, or perform spiraling 
formations, singly or in small groups, on 
sunny and partly cloudy days when thermals 
may form along the lakeshore. However, 
monarchs may also fly over Lake Michigan 
with robust directionality on completely 
overcast days—when thermals are rare, 
weak, or unpredictable. Thus, these initial 
spiraling flights are likely not due to modes 
of escape, or necessarily to sun location, 
nor to riding the thermals because there is 
virtually no temperature variation at their 
level of flight over the numerous large lakes 
and wetlands in Michigan during completely 
overcast days that could provide thermal 
uplift. However, there is always a constant 
but temporally variable magnetic field that 
can provide information, despite the possi-
ble lack of a distinct polarized light pattern 
due to its absorbance by the atmosphere. 
It makes more sense that these migratory 
monarchs, forced to orient over open water 
with few visible landmarks such as trees or 
buildings, are flying in tight circles and fig-
ure-8 patterns in an attempt to calibrate the 
magnetoreception mechanism—analogous to 
the figure-8 pattern some digital compasses 
require for calibration.
In summary, these results may pro-
vide preliminary evidence for the possible 
calibration and use of a monarch inclination 
magnetic compass that can be used under 
all local free-flying field conditions in which 
migrating monarch butterflies are proposed 
to be measuring the direction and inclination 
of the local magnetic field, in a manner anal-
ogous to the figure-8 pattern performed to 
calibrate digital compasses. This behavioral 
research reported here is but a single study 
of those conducted over variable environ-
mental conditions over many years, which 
focuses on the vital pre-migratory orienta-
tion and flight behavior. This “orientation 
flight dance” may provide a key behavioral 
link explaining how migrating monarch 
butterflies using a time-compensated sun 
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compass system could also integrate the 
biophysical input from the polarized UV 
sensitive dorsal rim area (DRA) and the 
cellular cryptochrome (CRY) system linked 
to the proposed inclination-based magnetic 
compass system residing in the distal end of 
the antennae. The orientation- and pre-mi-
gratory- “orientation flight dance” performed 
by migratory monarchs may calibrate and in-
tegrate the time-compensated sun compass, 
the plane-polarized light detection system in 
the DRA, as well as the magnetic compass of 
migratory monarchs.
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The push towards agricultural inten-
sification over the past several decades has 
resulted in simplified cropping systems and 
landscapes, as is highlighted by an increase 
in monocultures and a decrease in natural 
and semi-natural habitats in surrounding 
areas. This environmental simplification is 
generally found to result in compromised eco-
system services, such as decreased pollina-
tion, eroded soil nutrient and water supplies, 
and diminished pest control (Millennium 
Ecosystem Assessment 2005, Tscharntke 
et al. 2005, Foley et al. 2011). In terms of 
pest control, environmental simplification 
can decrease the abundance, diversity, or 
effectiveness of natural enemies of crop 
pests (Root 1973, Andow 1991, Perfecto et 
al. 2003, Bianchi et al. 2006, Vandermeer 
and Perfecto 2007, Letourneau et al. 2011), 
which may, in turn, push farmers to be more 
reliant on synthetic pesticides. In addition 
to causing environmental harm, this chemi-
cal-based pest control is vulnerable to losing 
its effectiveness through the development 
of pesticide resistance. These limitations, 
coupled with a growing demand for organic 
produce and increasing costs of synthetic 
inputs, have generated a large interest in 
controlling pests through biological control 
(Lewis et al. 1997, Landis et al. 2000, Simon 
et al. 2010).
Understanding how natural enemies 
are influenced by their environment is criti-
cal for developing strategies to augment the 
effectiveness of biological control services. To 
date, much research has shown that hetero-
geneity at both a local and landscape scale 
in agricultural areas commonly correlates 
with higher densities of natural enemies (for 
syntheses, see: Andow 1991, Bengtsson et al. 
2005, Bianchi et al. 2006, Letourneau et al. 
2011, Chaplin-Kramer et al. 2011), though 
a recent synthesis reveals the role of land-
scape heterogeneity to be mixed (Karp et al. 
2018). Despite these advances, the relative 
importance of local vs. landscape environ-
mental heterogeneity on natural enemies is 
not well understood. In the current review, 
we address this research gap.
The importance of landscape hetero-
geneity on biological control is evident in 
the literature, as the home range of many 
arthropod individuals extends far beyond 
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Abstract
Naturally occurring predator and parasitoid communities are well known to respond 
to multiple scales of environmental heterogeneity within and around agroecoystems, yet 
our understanding of which scales are most influential on different functional guilds of 
enemies is limited. Using vote-counting methodology, we synthesized the results from 40 
empirical studies that observed how natural enemy richness, diversity, or parasitism rate is 
affected by environmental heterogeneity at a local scale (e.g. a focal field), an intermediate 
scale (e.g. habitat in immediate proximity of a focal field), and landscape scale (e.g. habitat 
within >200 m radius around focal field). Heterogeneity at all scales was more commonly 
beneficial than antagonistic to natural enemies as a whole, where positive responses were 
always significantly larger than negative responses. However, when using a conservative 
approach of comparing the positive and ‘non-positive’ (combined neutral and negative re-
sponses), landscape heterogeneity was the only scale where positive responses significantly 
outweighed non-positive responses. The same trend held for natural enemy guilds; though 
all guilds had more positive than negative responses to all scales of heterogeneity, inter-
mediate and landscape scales were the only scales where any guild had significantly more 
positive than non-positive responses. These results suggest the importance of incorporating 
geographically large-scale strategies when seeking to conserve natural enemies and enhance 
or sustain conservation biological control services.
Keywords: agroecosystem, biological control, landscape, parasitoid, predator
32
The Great Lakes Entomologist, Vol. 54, No. 1 [], Art. 1
https://scholar.valpo.edu/tgle/vol54/iss1/1
2021 THE GREAT LAKES ENTOMOLOGIST 31
the scale of a crop field (Tscharntke et al. 
2007, Rusch et al. 2010), and may reach 
up to several kilometers (Roschewitz et 
al. 2005). Studies investigating the role of 
landscape heterogeneity often focus on the 
habitat composition extending from a cou-
ple hundred meters to several kilometers 
beyond a focal field (e.g., percent of non-crop 
area within a given radius of a field). Many 
studies highlight the importance of providing 
natural, semi-natural, or perennial habitat 
that natural enemies can inhabit when 
conditions in the agricultural area make 
survival difficult (Thies and Tscharntke 
1999, Clough et al. 2005, Attwood et al. 2008, 
Rusch et al. 2010). These refuges—forests, 
hedgerows, field margins, fallows, meadows, 
or wetlands—may function as source habi-
tats for predator or parasitoid populations 
and provide alternative resources (e.g. prey, 
pollen, nectar), permanent vegetation for 
reproduction and overwintering, or protec-
tion during disturbances (Rusch et al. 2010, 
Morandin and Kremen 2013). Landscapes 
with more natural/semi-natural areas may 
also provide benefits in terms of connectivity, 
allowing organisms a conduit for migration 
(Benton et al. 2003).
Similarly, local (within-field) heteroge-
neity has repeatedly been shown to positively 
influence the natural enemy community in 
agroecosystems (Andow 1991, Simon et al. 
2010, Letourneau et al. 2011, Iverson et al. 
2014). Studies of local heterogeneity usually 
compare fields of different planned (e.g., crop 
species) or sometimes associated diversity 
(e.g. weeds). Many studies compare mono-
cultural to polycultural cropping systems. 
Two dominant theories are postulated to 
help explain why pest regulation in agro-
ecosystems often results from higher local 
floristic diversity: the resource concentration 
hypothesis and the natural enemies hypoth-
esis (Root 1973). The resource concentration 
hypothesis proposes that specialized herbi-
vores will be better able to persist in areas 
where their food source is concentrated (e.g., 
monocultures) compared to polycultures, 
where they will be less efficient at locating 
acceptable food plants. This phenomenon 
results from one or more different mecha-
nisms: (1) polycultures may cause chemical 
interference by collectively containing more 
plant volatiles which confuse or repel herbi-
vores relying on olfactory cues in their search 
for host plant species; (2) herbivores may be 
visually confused when navigating through 
multiple plant species to reach their host; (3) 
a difference in host quality between polycul-
ture and monoculture systems may result 
from changes in inter-plant competition; (4) 
the increased amount of non-host surface 
area in polycultures may inhibit herbivores 
through increasing search times for locating 
host plants; and (5) abiotic factors, such as 
differences in shade, humidity, wind, and 
mid-day temperatures between the two 
cultural practices (Andow 1991). Although 
these same mechanisms could also decrease 
the efficiency of natural enemies, evidence 
suggests natural enemies may not be as 
inhibited, and some even have enhanced 
search efficiencies in polycultures (Perfecto 
and Vet 2003).
The natural enemies hypothesis (Root 
1973) proposes that natural enemies will be 
present in higher numbers in more complex 
habitats via at least two mechanisms. First, 
complex habitats will likely host a greater 
diversity of prey due to a greater diversity of 
host plants and microhabitats. Second, com-
plex habitats offer other food resources, such 
as nectar and pollen, which are especially im-
portant for enemies (e.g., parasitoid wasps) 
whose different life stages require different 
foods. Both of these mechanisms result in 
increased temporal stability and availability 
of resources for the natural enemies.
The response of arthropods to envi-
ronmental simplification at different scales 
can vary by organism, and often depends 
on the organism’s trophic position and dis-
persal ability, which are often a function of 
body size (Tscharntke et al. 2005, Gabriel 
et al. 2010, Gonthier et al. 2014). Higher 
trophic-level organisms, and especially spe-
cialists (e.g., many parasitoids), are often 
more susceptible to habitat fragmentation 
than herbivorous pests (Kruess and Tschar-
ntke 2000, Tscharntke et al. 2005, Klein 
et al. 2006). Many parasitoids may also be 
particularly sensitive to local heterogeneity 
due to their often limited dispersal abilities 
and narrow host ranges (van Nouhuys 2005, 
Shaw 2006), whereas natural enemy species 
that have high dispersal potential, such as 
ballooning spiders, might be less influenced 
by local habitat heterogeneity and more in-
fluenced by landscape heterogeneity (Clough 
et al. 2005, Schmidt and Tscharntke 2005). 
Furthermore, the influence of heterogeneity 
may be highly context-dependent, where the 
interaction between local and landscape het-
erogeneity is important. For example, local 
heterogeneity can be more influential for 
organisms in simplified (e.g., high proportion 
of cropped area) rather than in complex land-
scapes, as simple landscapes may not have as 
many natural enemies dispersing into farms 
from the surrounding landscape, and farms 
in these landscapes thus benefit relatively 
more from local management improvements 
(Thies and Tscharntke 1999, Tscharntke 
et al. 2005, Gabriel et al. 2010, Geiger et 
al. 2010, Batáry et al. 2011, Winqvist et al. 
2011, Concepción et al. 2012, Tuck et al. 
2014). Relatedly, local heterogeneity may 
be particularly important in landscapes of 
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intermediate complexity where overly sim-
plified landscapes are not able to support a 
pool of natural enemies from which to draw 
(Tscharntke et al. 2005).
It is well established that environ-
mental heterogeneity at local and landscape 
scales is important for natural enemies, 
yet we do not have a clear understanding 
of which scale may be most commonly 
important among natural enemy guilds. 
Understanding the most influential scale for 
different organisms is critical for farmers, 
land managers, conservation practitioners, 
and policy makers in order to prioritize the 
scale of management that leads to the most 
effective and efficient biological control. In 
the present review, we provide a quantitative 
analysis based on a vote-counting methodol-
ogy of 40 studies to determine which scale of 
environmental heterogeneity is most influen-
tial for natural enemy diversity, abundance, 
and parasitism rate. We also explore wheth-
er the response to scale varies depending on 
the natural enemy functional guild.
Methods
Literature search and study se-
lection: To collect relevant studies, we 
reviewed the first 60 results from all cross-
field combinations of the following two fields 
in addition to the term “agroecosystem OR 
agriculture”: 1) local, landscape, manage-
ment, intensification or scale, and 2) natural 
enemies, predator, parasitoid, parasitism, 
biodiversity, biocontrol or biological control. 
For example, one query included the terms 
“agroecosystem OR agriculture” plus one 
term from group 1 (e.g. “local”) plus one 
term from group 2 (e.g. “natural enemies”). 
From these search results (N = 2100), we 
first eliminated studies that were clearly 
unrelated to the topic based on the title. We 
then read the abstracts and, if still deemed to 
be relevant, the full content of the remaining 
studies that were selected based on their 
title. From these, we included only studies 
that consisted of field experiments or surveys 
that investigated how natural enemy abun-
dance, richness, diversity, size/condition, or 
parasitism rate differed between agricultur-
al areas of differing management intensities 
at a local, intermediate, or landscape scale 
(for our categorization of scales, see below). 
We did not constrain by biogeographic re-
gion. Our search yielded a total of 40 studies 
(Kruess and Tscharntke 1994; Marino and 
Landis 1996; Murphy et al. 1996; Bommar-
co 1998; Elliott et al. 1998; Murphy et al. 
1998; Carmona and Landis 1999; Menalled 
et al. 1999; Thies and Tscharntke 1999; 
Kruess and Tscharntke 2000; Nicholls et 
al. 2001; Östman et al. 2001; Elliott et al. 
2002; Armbrecht and Perfecto 2003; Harmon 
et al. 2003; Kruess 2003; Menalled et al. 
2003; Thies et al. 2003; Weibull et al. 2003; 
Costamagna et al. 2004; Pfiffner and Wyss 
2004; Prasifka et al. 2004; Tylianakis et al. 
2004; Bianchi et al. 2005; Clough et al. 2005; 
Purtauf et al. 2005a, 2005b; Roschewitz et 
al. 2005; Schmidt and Tscharntke 2005; 
Schmidt et al. 2005; Thies et al. 2005; Gi-
anoli et al. 2006; Klein et al. 2006; Wilby 
et al. 2006; Aroga and Ambassa-Kiki 2007; 
Cai et al. 2007; Gardiner et al. 2009; Meyer 
et al. 2009; Thies and Tscharntke 2010). We 
conducted literature searches in Aug 2010.
Data compilation: We compiled the 
response of natural enemy diversity (in-
cluding species richness and other diversity 
metrics), such as Simpson’s and Shannon’s 
diversity indices, abundance, and parasitism 
rate to three scales of environmental hetero-
geneity (local, intermediate, landscape; see 
below). Multiple observations were possible 
within a given study. If a study assessed 
multiple metrics (e.g., both richness and 
abundance) for a single species or a single 
group, each metric was considered as a 
separate observation. If a study considered 
multiple scales, one observation (and only 
one) was recorded for each of the three scales 
per natural enemy metric. For example, if a 
study calculated landscape diversity at 1 km, 
2 km, and 3 km radii, all of which fit into our 
category of ‘landscape diversity’, we distilled 
the information into one observation. To do 
so, if the response to at least one scale was 
positive and there were no negative respons-
es, we recorded the observation as positive 
(and did the same for a negative response). 
If all responses were neutral or if there were 
discordant responses (positive and negative), 
we recorded the observation as neutral. We 
did the same if there were multiple mea-
sures of environmental heterogeneity at 
the same scale (e.g. percent non-crop area 
and landscape habitat diversity at 1km). If 
studies reported natural enemy responses for 
individual species and for larger groupings 
(e.g., by guild or for all natural enemies), we 
used the most inclusive grouping that was 
presented.
We grouped observations into three 
distinct environmental heterogeneity scales: 
local, intermediate, and landscape. Lo-
cal-scale heterogeneity was characterized 
by the within-field planned or associated 
diversity of plants. Most often, these studies 
compared monoculture to polyculture crop-
ping systems, but some included within-field 
weed diversity (Clough et al. 2005, Purtauf 
et al. 2005b, Roschewitz et al. 2005). We 
categorized intermediate-scale heteroge-
neity as structural diversity located in the 
immediate surroundings of a field. This cat-
egory included measures such as proximity 
to field edges, presence of refuge strips, or 
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field perimeter-to-area ratios. For example, 
fields with higher perimeter-to-area ratios 
had relatively more field margins per unit 
area and were considered more complex. 
Landscape-scale heterogeneity pertained to 
regions incorporating multiple fields and/or 
habitat patches or beyond (minimum 200 m 
radius but up to 6 km radius from sampling 
location). More heterogeneous landscapes 
had a greater diversity of habitat types or a 
larger proportion of semi-natural, natural, 
or non-crop area.
We then categorized the observations 
according to the functional guild of the 
natural enemy, permitting comparisons of 
the relative importance of environmental 
heterogeneity to different functional guilds. 
In one analysis, we coarsely divided the 
observations into parasitoids or predators. 
In another analysis, we further divided the 
predators into either ground-foraging species 
or plant-foraging species (Table 1, Appendix 
1). Although most species of natural enemies 
are capable of foraging on both the ground 
and on plants, we separated them by the 
habitat in which they spend the majority of 
their foraging time (if known), or by where 
they were captured in the study based on 
the capturing method, e.g. sweep netting 
vegetation vs. pitfall traps. Plant-foraging 
species included primarily enemies that 
are strong fliers (e.g., coccinellid beetles, 
pompilid and sphecid wasps, and most 
beneficial insects in the orders Neuroptera 
and Hemiptera) or species that are almost 
exclusively plant-dwelling (e.g., syrphid fly 
larvae). Ground-foraging species included 
primarily ground-foraging ants (Formici-
dae), ground-foraging beetles (Carabidae 
and Staphylinidae), and ground-dwelling 
spiders (Araneae). Although they are often 
plant-foragers too, spiders were grouped 
as ground-foraging because nearly all re-
searchers in our included studies collected 
these using pitfall traps (Harmon et al. 2003, 
Weibull et al. 2003, Pfiffner and Wyss 2004, 
Clough et al. 2005, Schmidt and Tscharntke 
2005). The category of parasitoids included 
several families of Hymenoptera and, to a 
lesser extent, Diptera.
Data analysis: Each observation was 
recorded as positive, negative, or neutral 
depending on whether natural enemy di-
versity, abundance, size, or parasitism rate 
significantly (p < 0.05) increased (positive), 
decreased (negative), or showed no signifi-
cant effect (neutral) in the more heteroge-
neous environment. Using these tallies, we 
calculated the effect on the natural enemy 
community of 1) environmental heteroge-
neity (all three scales combined), 2) scale of 
heterogeneity (each scale considered sepa-
rately), and 3) functional guild of natural 
enemy. Furthermore, we observed if the type 
of natural enemy metric (i.e., abundance, 
diversity, or parasitism rate) affected these 
outcomes. We grouped the metrics of species 
richness and diversity indices under the 
category ‘diversity’. Only two studies com-
pared the sizes or condition of the natural 
enemies (Bommarco 1998, Östman et al. 
2001); these observations were included in 
the ‘abundance’ category. For all analyses, 
we determined whether the observed fre-
quency of positive responses compared to 
the combined neutral and negative responses 
was significantly different (p < 0.05) from 
the expectation of a binomial distribution, 
where the probability of success was 0.5 for 
either outcome.
Results
Benefits of environmental het-
erogeneity: Overall effect and effect 
by scale: Our literature search yielded 40 
pertinent studies and 130 observations. 
Overall, we found that the number of positive 
responses (54.6% of observations) by natural 
enemies to a heterogeneous environment 
with all scales combined far outweighed the 
number of negative responses (3.8% of obser-
vations; Table 1, Fig. 1). However, the num-
ber of neutral responses was also relatively 
large (41.5% of all observations). The extent 
of the benefit of heterogeneity on natural 
enemies depended on the scale at which the 
heterogeneity was observed, and only at the 
landscape scale were the positive responses 
(61.9%) of natural enemies significantly 
larger than the combined neutral (34.9%) 
and negative responses (3.2%; Table 1, Fig. 
1). Intermediate-scale heterogeneity still had 
a majority (55.6%) of observations returning 
a positive response, while local-scale het-
erogeneity had the lowest percentage, with 
38.7% of total responses being positive (and 
58% neutral responses), though negative 
responses to local heterogeneity were still 
low (3%).
Effect by natural enemy guild: 
When we subdivided results by natural en-
emy guild, we found that positive outcomes 
from increased heterogeneity were also al-
ways much greater than negative outcomes 
for all guilds. However, the positive outcomes 
were only significantly greater than the 
combined neutral and negative effects for 
plant-foraging predators at intermediate 
and landscape scales and for parasitoids at 
a landscape scale (Table 1, Fig. 1). No guild 
showed a significantly positive response 
(compared to combined neutral and negative 
responses) at the local scale.
Effect by natural enemy metric: 
When the results were dissected according 
to the reporting metric (i.e., abundance, 
diversity, or parasitism rate), for all scales 
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combined and at each individual scale, again 
positive outcomes far outweighed negative 
outcomes. However, parasitism rate at a 
landscape scale was the only metric where 
positive outcomes (68.2%) were significantly 
higher than the combined neutral and neg-
ative outcomes, although species diversity 
was marginally significant (p = 0.055) at a 
landscape scale (Table 1).
Discussion
Overall response to environmental 
heterogeneity: We show that the natural 
enemy community consistently benefits from 
environmental heterogeneity, both within 
and around agroecosystems. In all scale 
and natural enemy functional guild catego-
ries, we observed a much greater number 
Table 1. Proportion positive, neutral, and negative responses of natural enemies, in-
cluding separate enemy guilds and metrics (diversity, abundance, parasitism rate), to 
increasing environmental heterogeneity.
   Positive  Neutral  Negative p* N
All scales combined     
All natural enemies combined 0.55 0.42 0.04 0.127 130
Parasitoids 0.58 0.40 0.02 0.084 53
Predators combined 0.52 0.43 0.05 0.324 77
    Ground-foraging predators 0.38 0.55 0.08 0.923 40
    Plant-foraging predators 0.67 0.30 0.03 0.018 33
Species diversitya 0.57 0.37 0.07 0.181 30
Species abundance 0.52 0.44 0.05 0.356 66
Parasitism rate 0.59 0.41 0.00 0.115 34
     
Landscape scaleb          
All natural enemies combined 0.62 0.35 0.03 0.021 63
Parasitoids 0.66 0.34 0.00 0.031 29
Predators combined 0.59 0.35 0.06 0.115 34
    Ground-foraging predators 0.47 0.47 0.07 0.500 15
    Plant-foraging predators 0.72 0.22 0.06 0.015 18
Species diversitya 0.70 0.20 0.10 0.055 10
Species abundance 0.55 0.42 0.03 0.237 31
Parasitism rate 0.68 0.32 0.00 0.026 22
     
Intermediate scale         
All natural enemies combined 0.56 0.39 0.06 0.203 36
Parasitoids 0.50 0.43 0.07 0.395 14
Predators combined 0.59 0.36 0.05 0.143 22
    Ground-foraging predators 0.42 0.50 0.08 0.613 12
    Plant-foraging predators 0.80 0.20 0.00 0.011 10
Species diversitya 0.60 0.30 0.10 0.172 10
Species abundance 0.58 0.37 0.05 0.180 19
Parasitism rate 0.43 0.57 0.00 0.500 7
     
Local scale         
All natural enemies combined 0.39 0.58 0.03 0.859 31
Parasitoids 0.50 0.50 0.00 0.377 10
Predators combined 0.33 0.62 0.05 0.905 21
    Ground-foraging predators 0.23 0.69 0.08 0.954 13
    Plant-foraging predators 0.20 0.80 0.00 0.813 5
Species diversitya 0.40 0.60 0.00 0.623 10
Species abundance 0.38 0.56 0.06 0.773 16
Parasitism rate 0.40 0.60 0.00 0.500 5
* Bold numbers indicate values where the frequency of positive responses compared to the combined 
neutral and negative responses was significantly different from a binomial distribution (p < 0.05).
aDiversity metric includes species richness and other diversity measures (e.g., Simpson’s and Shan-
non’s diversity indices).
bFor a definition of scales (landscape, intermediate, local), see ‘Methods’.
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of positive than negative responses, where 
positive responses on average outweighed 
negative responses by a factor of 14. These 
results corroborate the growing body of 
evidence showing beneficial responses of 
natural enemy communities to environ-
mental heterogeneity at local or landscape 
scales (Andow 1991, Langellotto and Denno 
2004, Bianchi et al. 2006, Poveda et al. 2008, 
Simon et al. 2010 Chaplin-Kramer et al. 
2011, Letourneau et al. 2011, Gonthier et 
al. 2014). Despite a clear pattern of positive 
responses outweighing negative responses, 
we also observed many neutral impacts of 
heterogeneity on the natural enemy commu-
nity, corroborating other studies which show 
mixed results and highlighting the ecologi-
cal complexities associated with assessing 
impacts of heterogeneity (Karp et al. 2018). 
Our results help to disentangle the varied 
responses of environmental heterogeneity 
by separately assessing the impact of three 
different scales of heterogeneity on different 
guilds of natural enemies.
Scales of heterogeneity: Although 
positive responses outweighed negative 
responses at all scales, beneficial effects 
were especially pronounced at landscape 
scales. These results suggest that broad-
scale heterogeneity is extremely valuable 
in maintaining natural enemy populations, 
supporting the idea that many arthropod 
species interact with their environment at 
a larger-than-local level (Thies and Tschar-
ntke 1999), with important implications 
regarding regional planning and manage-
ment processes. These results also provide 
support for a density-mediated mechanism 
(the enemies hypothesis), i.e., a top-down 
mechanism of herbivore control (Hairston 
et al. 1960). Here, natural enemies likely 
benefit from increased food and habitat re-
sources in non-crop areas surrounding farm 
fields. However, trait-mediated effects (the 
resource concentration hypothesis) often 
function simultaneously and complementari-
ly to the enemies hypothesis, and may still be 
an important factor in many of these studies.
Although the effects of local hetero-
geneity can often be as important as, or 
more important than, effects of landscape 
heterogeneity in agroecosystems (Puech et 
al. 2014), our results are consistent with 
the findings of other vote-count studies that 
have focused on single scales, where higher 
positive responses of natural enemies to 
environmental heterogeneity appear to be 
found at landscape scales. For instance, 
Bianchi et al. (2006) found that 74% of their 
observations showed a positive response to 
Figure 1. Percent of all observations returning a positive response of natural enemy abundance or 
diversity as a result of environmental heterogeneity at local, intermediate, and landscape scales, as 
well as at all scales combined. *Indicates cases where the frequency of positive responses compared to 
the combined neutral and negative responses was significantly different from a binomial distribution 
(P < 0.05).
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landscape heterogeneity, whereas studies 
of local heterogeneity showed (surprisingly 
consistent) positive responses barely to ex-
ceed 50% of all responses for natural enemies 
(52.7% in Andow 1991; 52% in Poveda et 
al. 2008; 53.3% in Simon et al. 2010). Our 
results are also consistent with recently 
reported declines in arthropod biodiversity 
in natural areas, where intensified land use 
(agricultural cover) at a landscape-scale, 
more so than local-scale variables, was a 
primary driver of declines in species abun-
dance and richness in grasslands (Seibold 
et al. 2019).
Arthropod guilds and environ-
mental heterogeneity: The positive 
responses to increased broad-scale het-
erogeneity observed in the parasitoid and 
especially plant-foraging predator commu-
nities may reflect their particular sensitiv-
ity to environmental disturbance at these 
scales. Parasitoids and many plant-foraging 
predators, such as syrphid flies, predatory 
wasps, and some predatory beetles, are 
reliant on alternative food sources, such as 
pollen and nectar, at some point in their 
life cycles (Langellotto and Denno 2004). 
Although some crops or weeds within crops 
may provide these resources, they are often 
most abundant in non-crop areas. Further-
more, the small size and high prevalence of 
prey specialization in parasitoids may also 
contribute to lower dispersal abilities and 
increased sensitivity to a simplified environ-
ment (Roland and Taylor 1997).
On the other hand, ground-foraging 
predators, such as ground spiders and ca-
rabid beetles, may be relatively less reliant 
on resources in non-crop habitat and more 
sensitive to soil management practices, such 
as tilling (Sharley et al. 2008), which could 
mask any differences in vegetation diversi-
ty or structure. Many of these species rely 
on stable soil habitats for protection (e.g., 
overwintering) or for oviposition (Rusch 
et al. 2010). For instance, Langellotto and 
Denno (2004) observed a large impact, 
especially on spiders, from enhancing the 
structural complexity of soil detritus. Other 
studies have shown that structural diver-
sity, rather than plant species diversity, in 
the landscape physically inhibits carabid 
movement between fields (Frampton et al. 
1995, Mauremooto et al. 1995). Additionally, 
some spiders are able to avoid size-dispersal 
limitations through long-distance windborne 
dispersal (ballooning), which may allow them 
to be less affected by intensively managed 
landscapes (Weyman et al. 2002).
When the metrics of parasitism rate, 
abundance, and diversity were considered 
independently, parasitism rate at a land-
scape scale was the only category where 
observations of enemies benefitting from 
heterogeneity were significantly more fre-
quent than the combined neutral and nega-
tive observations. These results may again 
reflect how the often small and specialized 
parasitoids may be particularly sensitive to 
environmental disturbance (see above).
Management implications: Our 
findings support the value of increasing 
environmental heterogeneity for promoting 
natural enemy presence in agroecosystems. 
Our results suggest that farmers can en-
hance their local natural enemy community 
through increases in within-field diversity 
(e.g., polycultures), but especially through 
improvements in broader-scale, and especial-
ly landscape-scale, heterogeneity. Although 
landscape-scale heterogeneity will often, 
but not always, apply beyond the scope of 
an individual farm, intermediate-scale en-
hancement may be provided, for example, 
by increasing the size of vegetated (not bare) 
field margins, decreasing the size of fields, 
or including vegetation strips (e.g., floral 
strips, beetle banks) within fields. These 
vegetation strips may be especially effective 
if specific plants that provide resources for 
natural enemies, but do not simultaneously 
attract pests, are included (Pfiffner and Wyss 
2004). Intentional set-aside conservation 
areas around crop fields need not trade-off 
with crop productivity, where benefits to 
yield from biocontrol may outweigh small 
losses in cultivated area (Pywell et al. 2015). 
Furthermore, vegetation strips or weedy 
field margins offer additional benefits, such 
as habitat for biodiversity, including polli-
nators, and erosion control (Wratten et al. 
2012, Morandin and Kremen 2013).
The benefit of landscape-scale het-
erogeneity emphasizes the importance of 
region-wide land management or collective, 
community-scale initiatives. Currently, 
many management suggestions that seek 
to enhance biological control have focused 
solely on increasing local diversity (Gurr et 
al. 2000). We suggest, therefore, that govern-
ment agencies and organizations should not 
only encourage farmers to make local-scale 
changes for biodiversity enhancement but 
should provide incentives for individual 
landholders and communities to make 
landscape-level management decisions that 
will positively impact biodiversity. Govern-
ment-supported or certification-based (sensu 
Tscharntke et al. 2014) economic incentives 
could play an important role in promoting 
landscape heterogeneity. Although planning 
at large geographic scales is challenging, 
additive effects are common, where the land-
use changes of individual farmers scale up 
to landscape-level effects (Holzschuh et al. 
2008, Gabriel et al. 2010).
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Our results suggest the importance 
of focusing management strategies on a 
particular pest or group of pests, as we show 
that the scale of management can have 
differential effects based on the natural 
enemy guild. For example, if the dominant 
pest spends all or part of its life cycle in the 
soil, ground-foraging predators, such as 
ground spiders and carabid beetles, may be 
the most effective biocontrol agents. As we 
show that these predators generally respond 
less to environmental heterogeneity and 
likely more to direct soil management, it 
may be important to vary a farm’s cultural 
techniques to optimize the survival and 
growth of the predators. However, caution 
must be exercised to avoid a “one-problem, 
one-species” approach, as it is clear that the 
consortium of natural enemies is important 
for biological control given the inherent 
complexities of food webs even in simplified 
agroecosystems (Altieri 1999, Tscharntke et 
al. 2007, Vandermeer et al. 2010).
Limitations and further research: 
Enhancements in the natural enemy com-
munity may not necessarily translate into 
enhanced crop health (Symondson et al. 
2002). However, although we did not include 
the effect of environmental heterogeneity on 
direct biocontrol, crop yield, or pest abun-
dance, other studies have shown that natural 
enemy species often respond more strongly 
to heterogeneity than do pest species (Lang-
ellotto and Denno 2004, Chaplin-Kramer 
et al. 2011). Similarly, Risch et al. (1983) 
showed in a review of 150 studies that her-
bivores respond in an opposite manner to 
local heterogeneity, where 53% of herbivore 
species were significantly less abundant on 
more diverse farms. These studies suggest 
that an improved natural enemy community 
often translates into improved crop health.
Further research is needed to clarify 
the complex ecological interactions that 
underpin effective biocontrol and the influ-
ence of spatial scale on these interactions. A 
growing number of studies highlight indirect 
effects, both density- and trait-mediated 
(Werner and Peacor 2003), and the potential 
effects of land management, as well as in-
trinsic (self-organized) factors, in structuring 
them (Vandermeer and Perfecto 2008, Hsieh 
et al. 2012, Liere et al. 2014). Furthermore, 
the high proportion of neutral responses of 
natural enemies to heterogeneity may reflect 
the large variance in response, indicating 
that we may not be considering the appropri-
ate metrics for understanding natural enemy 
distributions. The relatively high occurrence 
of neutral responses may also be reflective 
of the vote-counting method we employed, 
which is not sensitive to subtle effects.
Although mechanisms of local-level 
influences on natural enemies are better 
understood, mechanisms at a landscape 
scale are less clear, undoubtedly due to the 
difficulty of landscape-scale manipulation 
or comparison. To address this gap, we en-
courage research that characterizes the land-
scape in terms of traits or resources, rather 
than relying solely on coarse landscape met-
rics (e.g., non-crop area) (sensu Schellhorn 
et al. 2015). Additionally, research on bio-
control should report the dispersal abilities, 
if known, of each of the organisms studied, 
allowing for a clearer consensus on the role 
of dispersal in an organism’s sensitivity to 
environmental heterogeneity. 
Conclusions
The simplification of agricultural lands 
threatens the health of many ecosystems 
worldwide, impacting both humans and the 
biodiversity on which we depend (IAASTD 
2008, IPBES 2019). It is therefore critical 
to understand how we can implement agro-
ecosystems that provide important services, 
such as pest control, with an eye on reducing 
reliance on pesticides and other practices 
that simplify rather than diversify agricul-
ture. Boosting natural enemy populations 
through habitat enhancement is one way to 
achieve this goal. Our results suggest that 
environmental heterogeneity, especially at 
broader (i.e., intermediate and particularly 
landscape) scales, is important for increas-
ing the diversity and abundance of natural 
enemies. These findings highlight the impor-
tance of not only individual landowners, but 
also collective land management practices, 
in maximizing potential biocontrol services 
from natural enemies.
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Since the early work done by Roark 
(1947), more than 1200 plant species have 
been listed as having potential insecticidal 
value. Bioactivities from plant species 
against insects, parasites, bacteria and 
fungi used for pest control have been abun-
dantly reported in the literature (Ganjian 
et al. 1983, Pereira et al. 1997, Adedire and 
Akinneye 2004, Koona et al. 2007, Ambró-
sio et al. 2008, Chukwujekwu et al. 2009, 
Chenniappan et al. 2011, Tesch et al. 2011, 
Chagas-Paula et al. 2012, Nhamo et al. 2013, 
Utono et al. 2014, Green et al. 2017). Despite 
this emergence of plant products used for 
pest control, there has been an increased 
need for an environmentally safe insecti-
cide because of the rise of pestilent disease 
vectors and the emergent disease pathogens 
they transmit (Isman and Greineisen 2013, 
Tembo et al. 2018). In addition to being a 
significant biting pest species, mosquitoes 
are well-known vectors of pathogens that 
cause diseases such as malaria, yellow fever, 
dengue, and many types encephalitides that 
affect millions of people worldwide (World 
Health Organization 1996, CDC 2007, Ghosh 
et al. 2012, Rohring 2013, Mudin 2015).
Due to the multi-pronged anti-herbiv-
ory chemical defense systems plants possess 
to deter phytophagous insects that include 
feeding deterrent toxins, growth regulators 
as well as repellents, many of these primary 
defense functions are also effective against 
controlling or repelling mosquitoes and other 
biting Diptera (Pichersky and Gershenzon 
2002). The use of plants to repel mosquitoes, 
specifically anopheline mosquitoes has been 
thoroughly reviewed by Maia and Moore 
(2011) and more recently by Asadollahi et 
al. (2019) where they concluded that knowl-
edge on traditional practices using plants 
as repellents may be a significant resource 
from which new natural products could be 
utilized as alternatives to synthetic chemical 
repellents. Since the 1920’s, the application 
of phytochemicals has been used to control 
mosquito populations (Shaalan et al. 2005). 
Much of this research has been a bio-pros-
pecting exploration into which plants repel 
mosquitoes through air-borne volatiles from 
these plants without controlling them (Maia 
and Moore 2011). However, the attractive 
toxic sugar bait (ATSB) approach has been 
well developed and tested on Anopheles, Ae-
des and Culex adult and larval mosquitoes 
(Müller and Schlein 2006, 2008; Müller et 
al. 2008; Müller et al. 2010a,b,c).
Plant Extract Efficacy on Mosquito Mortality: 
Preliminary Studies on the Effect of Ailanthus altissima Extract 
on Adult Aedes aegypti and Culex quinquefasciatus
John R. Wallace*, Calen D. Wylie, Ryan L. Wagner
Department of Biology, Millersville University, Millersville, PA 17551
* Corresponding author:  (e-mail: john.wallace@millersville.edu; 
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Abstract
Due to the negative environmental impact and resistance to synthetic insecticides, 
the development of biological control has increased significantly over the past half century 
with the potential of plant extracts only recently attracting attention. The purpose of this 
preliminary study was to examine the potential of Ailanthus altissima (Mill.) Swingle 
extract as a botanical insecticide on adult mosquitoes. Two species of mosquitoes (Aedes 
aegypti (Linnaeus) and Culex quinquefasciatus Say) (Diptera: Culicidae) and a non-target 
lepidopteran species, Painted Lady butterfly (Vanessa cardui (Linnaeus) (Lepidoptera: 
Nymphalidae) were treated with A. altissima extract from new, mature, and senesced leaflets 
using serial dilutions (0, 25, 50, 75, 100%) of extract via two application methods (aerosol 
and sugar feeding). We found that application method and leaf age had significant effects 
on mosquito mortality at high concentrations. These findings indicate that while mortality 
was not comparatively high to commercial products, there may be potential to use an in-
vasive plant extract as a bio-control tool for mosquito vectors of human disease pathogens.
Keywords: Ailanthus altissima, Tree of Heaven, Culex quinquefasciatus, Aedes 
aegypti, Vanessa cardui, plant extract
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Approximately 344 plant species have 
been described as having mosquitocidal ac-
tivity on biting adult mosquitoes (Sukumar 
et al. 1991, Tawatsin et al. 2001, Phasomku-
solsil and Soonwera 2010) while many others 
have been reviewed as potential larvicidal 
properties (Shaalan et al 2005). An example 
of one of these plants is a non-native tree 
species, Ailanthus altissima (Mill.) Swingle 
in North America and was originally found 
in China but introduced to Europe and 
North America in the mid-late 1700s (Ding 
et al. 2006). Biochemically, A. altissima has 
been well documented to possess the quas-
sanoid, ailanthone, that is associated with 
herbidical as well as insecticidal activities 
(Heisey 1996, De Feo et al. 2003, Alves et al. 
2014). Several investigators have noted that 
leaf and root extract from A. altissima has 
demonstrated variable insecticidal activity 
against hematophagic and phytophagic in-
sects (Tsao et al. 2002, De Feo et al. 2009). 
Ailanthus altissima has been used as an 
insecticide to control crop pests such as 
Spodoptera littoralis (Boisduval) (Lepidop-
tera: Noctuidae) (Pavela et al. 2014, Pavela 
2016). The extract is well documented in 
terms of an herbicide (Heisey and Heisey 
2003) but has not been widely tested as an 
insecticide against insect vectors of human 
pathogens (Tsao et al. 2002). Recently, we 
have conducted evaluations of A. altissima 
food supplements on several species of lepi-
dopteran larvae e.g., Spodoptera frugiperda 
J.E. Smith and also found that A. altissima 
reduced larval relative growth rates and 
adult size and also affected adult oviposition 
behavior (Wagner and Card 2020, Wagner 
et al. 2020). These findings suggested that 
A. altissima might be a source of pesticide 
metabolites that might be useful to control 
other pest insect species. The purpose of 
this preliminary study was to determine 
the efficacy of A. altissima extract on the 
adult survivorship of two mosquito species, 
Culex quinquefasciatus Say and Aedes ae-
gypti (Linnaeus) (Diptera: Culicidae) and 
a non-target lepidopteran species, Vanessa 
cardui (Linnaeus) (Lepidoptera: Nymphali-
dae). The objectives for this study included: 
1) determine the concentration effect of A. 
altissima extract on target and non-target 
insect mortality; 2) compare the extract type 
(leaf age) on insect mortality and; 3) compare 
application method (aerosol v. sugar fed) on 
insect mortality.
Materials and Methods
Two adult mosquito species were used 
in this study, Cx. quinquefasciatus and Ae. 
aegypti based on their involvement in vec-
toring several viral pathogens worldwide 
(Liu et al. 2017) and were purchased as 
third instar larvae from Benzon Research, 
Inc. in Carlisle, PA and maintained at 23°C 
and 14:10 L:D schedule. Larvae were fed 
approximately 1oz of Tetramin® fish flakes 
twice/day until pupation as suggested in 
Imam et al. (2014). Pupae were transferred 
to rearing chambers and maintained until 
adult emergence. Adult mosquitoes were 
fed on a 10% sucrose solution until assayed 
with A. altissima extract.  Adult male and 
female mosquitoes (n = 25 mosquitoes/cage) 
were kept in a cage (n = 3 replicate cages per 
experiment) to avoid crowding. The Painted 
Lady butterfly, V. cardui was selected as the 
non-target species to represent an adult in-
sect that sugar feeds as a primary food source 
and has well documented migratory patterns 
that may overlap with both culicid species 
chosen for this study (Abbot 1951, Stefanes-
cu et al. 2013). Vanessa cardui larvae were 
purchased from Folk’s Butterfly Farm in 
Nescopeck, PA. Larvae were maintained at 
the same temperature and light regimes as 
mosquitoes and fed artificial food provided 
by the vendor until pupation. Once V. cardui 
adults emerged, they were maintained 10% 
sucrose solution soaked in cotton balls.
We designed two experiments with a 
3 × 2 × 5 factorial design in order to obtain a 
response to A. altissima leaf extract testing 
three leaf ages (new, mature and senesced 
leaves) with two application methods 
(aerosol and sugar fed) across five different 
concentrations (100%, 75%, 50%, 25%, and 
0%). Leaves were collected from live trees 
between May–October, 2015 representing 
three different ages (100 leaves/age): newly 
emerged (May), mature (July) and senesced 
leaves (October) to assess the effect of leaf 
age on insect mortality (n = 3 replicate cages/
leaf age). Leaves were stored at 0°C until 
they were used for extractions. Leachate 
from leaf extract was obtained by using a 
leaflet pack of 25 g wrapped in cheesecloth 
that was compressed to a ball-like shape 
and placed in 1L of distilled water to steep 
for 24 hours at room temperature (21°C). 
Dilutions were prepared from a concentrate 
of 100% extract that was diluted to 75, 50, 
25 and 0%  (0% represented the control) to 
assess extract concentration effect insect on 
mortality (n = 3 replicate cages/treatment 
with 25 mosquitoes/cage and 12 V. cardui/
cage). Distilled water was used as a con-
trol solution. Two delivery or application 
methods were tested (aerosol and sugar 
fed solution). The aerosol application ex-
periment consisted of using a spray bottle 
to apply three squirts (approximately 3 ml 
of spray) at the fine spray setting of each 
extract sprayed evenly across the cage and 
directly on to the individual mosquitoes 
and/or butterflies. Aerosol droplet size from 
the commercial spray bottle was estimated 
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to be approximately 50 microns (Kripena 
2020).  The sugar fed (ATSB) application 
experiment was conducted by applying 1 mL 
of extract solution and 1 mL of 10% sucrose 
to the cotton ball placing the cotton ball solu-
tion inside the each cage. All treated cages 
were checked 24 hours post extract exposure 
and mortality was recorded. All percentage 
data were arcsine transformed for statistical 
analysis. All comparisons were made using a 
two-way ANOVA and a Tukey’s Range test 
to compare mean differences.
Results
We found that both species of mos-
quitoes were affected by both extract 
applications, whereas mortality effects on 
the non-target species was minimal (Fig. 
1A,B,C). In general, the highest mean per-
centage mortality after 24 hours neared 60% 
for both mosquito species.
For example, Ae. aegypti mortality was 
significantly higher as a result of aerosol ap-
plications (F = 30.8; df = 1, 4; P < 0.01); and 
concentration (F = 70.9; df = 1, 4; P < 0.01) 
compared to ATSB applications (Fig. 1A). 
There was no interaction effect between leaf 
age and concentration for the aerosol treat-
ment (F = 1.61; P > 0.05); however, there was 
an interaction effect between leaf age and 
concentration for the sugar fed application 
(F = 52.2; P < 0.01). But, leaf age had mixed 
effects, that is, no significant difference was 
observed on mortality with aerosol (F = 2.69; 
df = 2, 4; P > 0.05) compared to significant 
effects with ATSB applications (F = 9.42; 
df = 2, 4; P < 0.01) (Fig. 1A). Whereas, Cx. 
quinquefaciatus mortality was significantly 
different for the ATSB application method 
(F = 6.91; df = 1, 4; P < 0.05), leaf age (F = 
4.11; df = 1, 2; P < 0.05) and concentration 
(F = 18.0; df = 1, 4; P < 0.01) (Fig. 1B). There 
was an interaction effect between leaf age 
and concentration for the aerosol application 
(F = 5.34; P < 0.01) and no interaction effect 
between leaf age and concentration for the 
ATSB application (F = 1.85; P > 0.05). While 
there was no difference on the non-target, 
V. cardui mortality between application 
methods (F = 0.75; df = 1, 4; P < 0.05) (Fig. 
1C), there was significantly greater mortality 
with 100% concentration (F = 8.4; df = 1, 4; 
P < 0.01); however, this mortality % (10.8%) 
was significantly lower than the mortality 
for both culicid species (Fig. 1A,B). Leaf age 
had no significant effect on mortality of V. 
cardui (F = 0.88; df = 2, 4; P < 0.05). There 
were no interaction effects between leaf age 
and concentration with either application 
method for V. cardui. 
Discussion
Both aerosol and ATSB application 
methodologies have been well tested and 
demonstrated to successfully control several 
genera of mosquitoes (Müller et al. 2008, 
2010b; Maia and Moore 2011). We report 
in this preliminary study that the method 
of application of A. ailanthus extract had 
different effects on the two mosquito taxa 
studied. We found significant effects on Ae. 
aegypti mortality especially when extracts 
from mature and senesced leaves were 
used at high concentrations with an aerosol 
application. Whereas, the ATSB application 
had a greater impact on Cx. quinquefascia-
tus mortality compared to Ae. aegypti. This 
difference suggests the mode of application 
may be taxon-specific (e.g., Culicid taxa) 
suggesting multiple approaches in the use 
of plant extracts as mosquitocidal agents. 
While mortality in this study was not as 
high as commercial synthetic insecticides 
(not tested in this experiment) to control 
vectors of major arboviral pathogens, such as 
dengue viruses, in a region where A. altissi-
ma is native, it may provide an inexpensive 
and simple approach to maintain enough 
sustainable efforts to reduce breeding sites 
(Mudin 2015). Using A. altissima, an inva-
sive plant species in the United States, as a 
leaflet extract could provide a cost effective 
alternative to reducing mosquito population 
and disease cases while at the same time 
find an application to reduce populations of 
a noxious invasive tree such as A. altissi-
ma. Preliminary work on larval and pupal 
survival indicates that concentration may 
have similar effects (unpublished data). 
Future work will address leaf age and other 
extract sources such as bark and roots on 
larval survival.
With leaf age having a significant 
impact on mosquito mortality on both appli-
cation methods, if A. altissima extract were 
to be used to control culicid vectors, concen-
trations of the allelopathic compounds would 
need to be adjusted over the growing season. 
Publication on the insecticidal attributes of 
the allelochemistry found within the plant 
leaf tissue has been sparse to nonexistent 
(Pavela 2014, Pavela and Sedlak 2018). Our 
findings suggest a broader ecological selec-
tive advantage to maintain such herbicidal 
compounds as a biocontrol strategy for insect 
pest species, such as mosquitoes. The leaf 
extract had a greater impact on mosquito 
mortality with little to no mortality on 
Painted Lady butterflies suggesting that this 
product could be used in field applications 
where these two families of insects coincide. 
We did find that the ATSB method of applica-
tion did have a slightly greater impact on V. 
cardui mortality, this method of application 
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Figure 1. Comparative analysis of A. altissima extract concentration and leaf age (A. Aedes 
aegypti; B. Culex quinquefasciatus; C. Vanessa cardui) from leachate on mean % mortality 
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would not benefit those non-targets that 
nectar feed. While the use of A. altissima 
extract has had detrimental effects on the 
mortality of other lepidopteran species, e.g., 
S. littoralis and S. frugiperda (Pavela et al. 
2014, Wagner et al. 2020, Wagner and Card 
2020), additional work on the impacts of 
other non-target taxa is warranted.
The effects of A. altissima against 
target species such as mosquitoes or other 
dipteran and/or pest species, the safe use, 
and the overall socio-economic and agro-eco-
logical benefit requires additional work. Be-
cause natural compounds are not as effective 
as synthetic pesticides (Casida 1980), in 
order to adopt more widespread natural pest 
control products, the novel use of a readily 
available resource, such as the invasive A. 
altissima to control pest populations can only 
be attained through their evaluation under 
lab as well as field conditions (Tembo 2018). 
Using an invasive plant such as A. altissi-
ma to control pest insect species could have 
significant effects on both invasive species 
and pest management while having little 
impact on non-target nectar feeding taxa as 
long as the ATSB method of application is 
not employed.
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True albinism (i.e., the complete lack of 
pigmentation) is rare in insects (McCafferty 
and Bloodgood 1985). Whereas melanin is 
the major pigment responsible for surface 
color in vertebrates (Riley 1997), insect col-
oration is more complex, with a diversity of 
(variously synthesized or acquired) pigments 
and cuticular structure involved in color 
production (Ghiradella 2009). Thus, partially 
albinic insects (lacking in one pigment or 
some but not all pigments) may be difficult to 
recognize as such, and cases of full or partial 
albinism are rarely reported among insects 
(Olosutean 2015). Yet there are known ex-
amples of albinic specimens from various 
orders, including well-documented cases 
in Lepidoptera and Orthoptera (Putnam 
1958, Shapiro 1977, Gall and Schweitzer 
1983, Tanaka 1993, González-Estébanez and 
Manceñido-González 2011).
Here, I describe cases of anomalous 
pale pubescence recently discovered in three 
genera of cleptoparasitic bees (Hymenoptera: 
Apidae: Nomadinae): Brachymelecta Linsley, 
Epeolus Latreille, and Triepeolus Robertson. 
Specifically, specimens were found with pale 
(off-white to pale-yellow) hairs on parts of 
the body (most conspicuously the discs of 
the metasomal terga) where in most conspe-
cifics there are dark (brown or black) hairs. 
Curiously, the integument in the aberrant 
specimens is still primarily dark brown/black, 
as it is normally. Thus, these individuals 
appear to exhibit a form of partial albinism 
in which only cuticular hairs lack the normal 
pigmentation. Most specimens were captured 
in recent years (2015 and 2019) and are in 
good condition, showing little wing wear and 
no signs of integument discoloration (speci-
mens subjected to prolonged exposure to the 
elements and/or certain killing agents tend to 
fade to a reddish-brown color). In the absence 
of these and other signs of degradation (the 
DNA of the only sequenced specimen was of 
a high-enough quality to yield a DNA barcode 
sequence 630 base pairs in length), I do not 
attribute the observed atypical pubescence 
coloration to age- or preservation-related 
factors.
In two cases, partially albinic spec-
imens were mistaken for and erroneously 
described as new species (one was even 
placed in its own genus). Hence, it is im-
portant that bee taxonomists be made 
aware of this phenomenon and its potential 
to result in taxonomic errors. To this effect, 
differences between anomalously pale-haired 
specimens and conspecifics exhibiting the 
usual pubescence coloration are discussed 
and illustrated below, following Michener 
(2007) and Onuferko (2018) for terminology. 
High-quality digital photographs were taken 
(at the Canadian Museum of Nature Natural 
Heritage Campus in Gatineau, Quebec, Can-
ada (CMNC)) using the Leica Z16 APO A im-
aging system (Leica Microsystems, Wetzlar, 
Germany), which were focus stacked with the 
accompanying LAS software and assembled 
into figure plates in Adobe Photoshop 2020 
(Adobe Inc.).
Instances of Atypical Pubescence 
Coloration in Cleptoparasitic Apidae
Brachymelecta californica (Cresson)
The holotype of Melecta? mucida 
Cresson was recently recognized as an 
unusual specimen of a widespread species, 
Anomalously Pale-Haired Specimens in Three Genera of 
Cleptoparasitic Bees (Hymenoptera: Apidae: Nomadinae)
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Abstract
Cases of partially albinic specimens of cleptoparasitic bees (Hymenoptera: Apidae: 
Nomadinae) in which the pubescence lacks the usual pigmentation are presented and 
discussed. Anomalously pale-haired individuals within the following three genera are 
known: Brachymelecta Linsley, Epeolus Latreille, and Triepeolus Robertson. Since two 
of the aberrant specimens were mistaken for and erroneously described as new taxa, the 
present paper draws attention to this phenomenon within bees and its potential to cause 
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B. californica (Cresson), which until very 
recently (Onuferko et al. 2021) was known 
as Xeromelecta californica (Cresson). The 
specimen, which is housed in the Academy 
of Natural Sciences of Drexel University in 
Philadelphia, Pennsylvania, USA (ANSP), 
was assigned to its own genus (Brachymelec-
ta) by Linsley (1939) due to the presence of 
two (as opposed to three) submarginal cells 
on each fore wing and pale pubescence cov-
ering almost the entire dorsal surface of the 
metasoma. However, the number of submar-
ginal cells is known to be variable within B. 
californica and can differ even between the 
left and right sides of the same specimen 
(Scarpulla 2018, Onuferko et al. 2021). In 
the M.? mucida holotype, the pubescence 
is entirely pale except on the axillae, each 
of which bears a tuft of brown hairs. An 
anomalously pale-haired specimen of what 
is now understood to be the same species but 
completely lacking in dark hairs (including 
on the axillae) except on T6 was discovered 
among some cleptoparasitic bees borrowed 
from the Packer Collection at York Univer-
sity (PCYU) in Toronto, Ontario, Canada. 
The specimen was DNA barcoded as part of 
the taxonomic revision by Onuferko et al. 
(2021) and its sequence matched with 99.5% 
similarity to a sequence of a specimen of B. 
californica exhibiting the usual pubescence 
coloration. Although in both the M.? muci-
da holotype and sequenced specimen pale 
hairs cover the discs of the metasomal terga, 
they are sparser than those comprising the 
metasomal fasciae, such that the metasoma 
still appears to be fasciate (see Fig. 1A–B). 
For these reasons, the primary types of M.? 
mucida, which was described in 1879, and 
Melecta californica Cresson, which was 
described in the preceding year, were recog-
nized as belonging to the same species, and 
the name Brachymelecta mucida (Cresson) 
was thus rendered invalid. However, since 
the “species” was the first among its conge-
ners to be removed from Melecta and placed 
in its own genus, Brachymelecta takes prece-
dence as the generic name over Xeromelecta 
Linsley, so the accepted name for the species 
is now B. californica. This extreme example 
of how the erroneous recognition of an aber-
rant specimen as a new species can result in 
a major nomenclatural change illustrates the 
importance of describing species from series 
of specimens whenever possible.
Material examined: USA: Nevada: 
♂, M.? mucida holotype, H.K. Morrison leg. 
(ANSP 2294); New Mexico: 1 ♀, NM 15 
(16.7 mi N of Silver City), Gila National For-
est (32.9462° N, 108.1978° W), 05.ix.2015, 
R.R. Ferrari leg. (Barcode of Life Data 
System (BOLD) sample ID: CCDB-34570 
A03, PCYU).
Epeolus ainsliei Crawford
Although rare in Epeolus compactus 
Cresson and uncommon in E. minimus 
(Robertson) (vide infra), in some species of 
Epeolus, especially E. ainsliei Crawford, it is 
not uncommon to find extensively or entirely 
pale-haired individuals, which are otherwise 
morphologically indistinguishable from con-
specifics with abundant dark brown/black 
hairs. This suggests that the phenotype has 
some adaptive value or is at the very least 
not detrimental for the survival of individ-
uals of certain species/populations. On the 
discs of the metasomal terga, E. ainsliei 
exhibits continuous variation in pubescence 
coloration, which ranges from entirely pale 
to predominantly dark brown/black (see Fig. 
Figure 1. Brachymelecta californica (Cresson), metasoma of female, dorsal view: (A) anomalously 
pale-haired specimen (BOLD sample ID: CCDB-34570 A03, PCYU); (B) specimen exhibiting the usual 
pubescence coloration (BOLD sample ID: LRBBC1015, PCYU LRB-445). DNA barcode sequences are 
available for both specimens, which show a high degree of overlap (98.5% similarity) and were assigned 
the same barcode index number: BOLD:AAC6481.
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2A–B), with the differences in hair color not 
corresponding to any particular geographic 
pattern. I collected predominantly to entirely 
pale-haired specimens of E. ainsliei at an 
active sand dune complex in Spruce Woods 
Provincial Park, Manitoba, Canada in July 
2019, in an area dominated by white prai-
rie clover, Dalea candida Michx. ex Willd. 
(Fabaceae), and where other conspicuously 
pale/pale-haired aculeates (Hymenoptera: 
Aculeata), including Bembix pallidipicta 
Smith (Bembicidae: Bembicinae), Colletes 
wilmattae Cockerell (Colletidae: Colleti-
nae), Neolarra vigilans (Cockerell) (Apidae: 
Nomadinae), Perdita perpallida Cockerell 
(Andrenidae: Panurginae), and Philanthus 
albopilosus Cresson (Philanthidae: Philan-
thinae), were observed and collected.
Figure 2. Epeolines, habitus, dorsal view: (A–B) Epeolus ainsliei Crawford; (C–D) E. minimus (Rob-
ertson); (E–F) Triepeolus helianthi (Robertson); (A) extensively pale-haired female (CMNC); (B) female 
with abundant dark brown/black hairs on the discs of the metasomal terga (C. P. Gillette Museum 
of Arthropod Diversity, Fort Collins, Colorado, USA); (C) anomalously pale-haired male (CMNC); (D) 
male exhibiting the usual pubescence coloration (CMNC); (E) anomalously pale-haired female (WRME 
WRME0501596); (F) female exhibiting the usual pubescence coloration (WRME WRME0508674).
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Material examined: CANADA: Man-
itoba: 1 ♀, 1 ♂, Spirit Sands, Spruce Woods 
Provincial Park, active sand dune complex 
(49.6637° N, 99.2858° W), 16.vii.2019, T.M. 
Onuferko leg. (CMNC); 3 ♀♀, same collection 
data as for preceding, except 30.vii.2019, 
T.M. Onuferko leg. (CMNC).
Epeolus compactus Cresson
In a recent revision of Epeolus for all 
known species occurring in North America 
north of Mexico (Onuferko 2018), the holo-
type of E. crucis Cockerell was recognized 
as an unusual specimen of E. compactus, 
and the former name was synonymized un-
der the latter. Interestingly, the specimen, 
which is housed in the Smithsonian National 
Museum of Natural History U.S. National 
Entomological Collection (USNM) in Wash-
ington, D.C., USA, was correctly identified 
as E. compactus previously by William J. 
Fox and still bears his original identification 
label. However, Cockerell (1904) disagreed 
with the identification and described the 
specimen under a new name, E. crucis. The 
specimen lacks dark hairs entirely, and the 
pale hairs on the discs of the metasomal 
terga are sparser than those comprising the 
metasomal fasciae, such that the metasoma 
still appears to be fasciate (see fig. 38 in 
Onuferko 2018).
Material examined: USA: New Mex-
ico: ♀, E. crucis holotype, Las Cruces, C.H.T. 
Townsend leg. (USNM 534043).
Epeolus minimus (Robertson)
Eight specimens of E. minimus were 
caught in pan traps that I set out for ap-
proximately six hours on an active sand 
dune in southwestern Saskatchewan on 4 
August 2019. Of these, a male (one of seven 
collected there and then) has pale hairs on 
the discs of the metasomal terga, although 
they are sparser and slightly darker than 
those comprising the metasomal fasciae, 
and thus apparently not completely lacking 
in pigments (Fig. 2C). In this species, the 
hairs on the discs of the metasomal terga 
are usually black except for the T1 basal 
fascia and lateral longitudinal bands on T1 
and T2 (Fig. 2D).
Material examined: CANADA: Sas-
katchewan: 1 ♂, N of Bitter Lake, Tunstall, 
active sand dune (50.1456° N, 109.8062° 
W), 04.viii.2019, ex white pan trap, T.M. 
Onuferko leg. (CMNC).
Triepeolus helianthi (Robertson)
An unusual specimen of Triepeolus 
helianthi (Robertson) was discovered among 
representatives of the genus borrowed from 
the Wallis-Roughley Museum of Entomology 
(WRME) at the University of Manitoba in 
Winnipeg, Manitoba, Canada. The specimen 
was identified as T. helianthi by Prof. Jason 
Gibbs and agrees with the current taxon 
concept for the species (see Rightmyer 2008) 
but lacks dark hairs entirely and instead has 
only pale-yellow pubescence. As is the case 
with the partially albinic specimens of Bra-
chymelecta and Epeolus, the metasoma in 
this specimen is still distinctly fasciate due 
to the greater density of hairs comprising the 
metasomal fasciae (see Fig. 2E–F).
Material examined: CANADA: Man-
itoba: 1 ♀, Linden, Rural Municipality of 
Taché (49.6790° N, 96.8890° W), 09.viii.2019, 
S. Shukla-Bergen (WRME WRME0501596).
Concluding Remarks
Although herein documented within 
cleptoparasitic Apidae, this phenomenon 
may be more widespread among bees. Ito 
and Sakagami (1980) reported variation in 
pubescence coloration in Bombus crypta-
rum (Fabricius) (as B. florilegus) (Apidae: 
Apinae), with varying degrees of albinism 
observed in workers and males on different 
islands in the western Pacific. Unusually 
pale-haired individuals of common eastern 
bumble bees, Bombus impatiens Cresson, 
have also been observed on occasion (Z. 
Portman, personal communication, 2021). 
In species of Bombus Latreille, pubescence 
coloration is known to be produced by two 
pigments, eumelanin and pheomelanin, 
the absence of both of which is presumed to 
produce white hair coloration (Polidori et 
al. 2017). Whether the same pigments are 
responsible for pubescence coloration in the 
cleptoparasitic apids treated in the present 
paper remains to be determined. Future 
discoveries of albinic specimens should be 
documented to assess the extent of this 
phenomenon within bees and investigate 
the potential importance of teratologous 
mutants in producing advantageous phe-
notypes via directional selection. It has 
been suggested that in various sand wasps, 
extensive pale-yellow pigmentation (or 
xanthochroism), which is a common feature 
among psammophiles, may help with preda-
tor avoidance (by providing cryptic coloration 
against pale substrates) and/or thermoreg-
ulation (by slowing down the rate at which 
specimens heat up while perched on sand) 
(Hilchie 1982, O’Neill and Evans 1983). This 
might explain why multiple conspicuously 
pale-haired individuals of E. ainsliei were 
observed on active sand dunes. At the same 
time, when investigating potential cases of 
albinism it is important to consider possible 
discoloration effects from various collection 
and preservation techniques. For instance, 
just as vane traps used for long periods of 
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time and pan traps used repeatedly will suf-
fer some bleaching from prolonged exposure 
to direct sunlight, insects too may fade and 
become discolored under such conditions 
(Packer and Darla-West 2021).
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Two of the earliest major reports on 
birch-infesting insects in the United States 
were those of Packard (1890) and Felt (1905). 
The bronze birch borer, Agrilus anxius Gory 
(Coleoptera: Buprestidae), was recognized 
as a major pest of birch since the late 1800s 
(Chittenden 1898), and still today often 
reaches outbreak levels especially when 
trees are stressed by drought and defoliation 
(Haack and Petrice 2019). Several species of 
bark- and wood-infesting insects, often called 
borers, have been associated with various 
species of birch in North America, including 
Coleoptera (e.g., Buprestidae, Cerambyci-
dae, and Scolytinae), Hymenoptera (e.g., 
Siricidae and Xiphydriidae), and Lepidop-
tera (e.g., Sesiidae) (Smith 1976, Taft et al. 
1991, Solomon 1995, Smith and Schiff 2001).
This paper reports on borers and par-
asitoids reared from yellow birch (Betula 
alleghaniensis Britton) at the same Michigan 
location where Haack (2020) reported rear-
ing records from shagbark hickory [Carya 
ovata (Mill.) K. Koch] and slippery elm (Ul-
mus rubra Muhl.). The study site was near 
Dansville in Ingham County, where I lived 
for about 30 years. This property was over 
13 ac (5.3 ha) in size, and along with the 
neighboring properties contained over 60 
ac (24 ha) of contiguous mature forest of the 
beech-maple type (Cohen 2008). The most 
common tree species growing in this Dans-
ville woodlot were listed in Haack (2020). 
Although these rearing records are decades 
old, they still provide valuable new informa-
tion with respect to larval host plants, adult 
seasonal emergence, and new state records 
for Michigan insects.
Methods. On 19 April 1986, I cut two 
stems (12- and 15-cm-diam) of an apparently 
healthy, multi-stemmed yellow birch tree 
near ground level in the Dansville woodlot 
(N 42.5481° Lat, W 84.3189° Long). The two 
stems were placed upright and left leaning 
against the trunk of the tree from which 
they were cut for the next 12 months. On 
26 April 1987, I cut the two stems into more 
than 20 sections, mostly between 40–55 cm 
long, and down to a final branch diameter of 
about 3 cm. When examining the cut ends 
of each section it was clear that the greatest 
borer activity was in the sections that were 
3 to 10 cm in diameter. Therefore, I collected 
16 trunk and branch sections that were in 
this diameter range (about 7 m total length 
for all 16 sections) and placed them all in a 
single rearing cage (ca. 60 cm wide, 45 cm 
deep, and 45 cm tall). The cage had a wood 
floor, a sliding Plexiglas front panel, and fine 
screening on the other three side walls and 
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Four species of bark- and wood-infesting borers (two Coleoptera and two Hyme-
noptera) and six parasitoid species (Hymenoptera) were reared from yellow birch (Betula 
alleghaniensis Britton) one year after the trees were cut and left standing in a woodlot in 
Ingham County, Michigan in 1986–87. The borers were species of Cerambycidae (Coleop-
tera) and Xiphydriidae (Hymenoptera), and hymenopteran parasitoid species of Aulacidae, 
Braconidae, Chalcididae, and Pteromalidae. Xiphydriophagus meyerinckii (Ratzeburg) 
(Pteromalidae) is a new Michigan state record. For the borers, yellow birch is a new host 
record for the cerambycid Sternidius alpha (Say) and the xiphydriid Xiphydria tibialis 
Say. Seasonal emergence data are presented for each insect, as well as sex ratio data for 
the xiphydriids and aulacid parasitoids. Mean (± SE) exit hole density for all borers and 
parasitoids combined was 2.3 ± 0.7 exit holes/dm2 for all branch and trunk samples, but 
significantly higher (4.7 ± 0.8 exit holes/dm2) on smaller branches (3–5 cm diam) vs. larger 
branches (0.3 ± 0.1 exit holes/dm2, 5–10 cm diam). Dry weight data for the most common 
borer (Xiphydria mellipes Harris) and most common parasitoid [Aulacus pallipes Cresson; 
Aulacidae] demonstrated wide intraspecific variation in adult size.
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upper surface. The cage was kept on a count-
er, inside a covered shed (ca. 8 ×12 ft or 2.4 
× 3.7 m), that had double doors at opposite 
ends that remained open to allow air flow. 
The shed received direct sunlight during the 
early morning hours, but later was shaded, 
and therefore the indoor temperatures of 
the shed were similar to ambient conditions.
The cage was generally checked ev-
ery 1–2 days for recently emerged insects 
through August 1987, and then less fre-
quently through October 1987. After each 
collection, all insects were placed in labeled 
vials and then frozen. Later, once individuals 
of each morphospecies had been identified by 
experts (see Table 1 and acknowledgments), 
the insects were totaled by species and emer-
gence date. Specimens of each species were 
retained by the identifiers in their personal 
or institutional collections. All parasitoids 
were identified by staff at the US Depart-
ment of Agriculture, Systematic Entomology 
Laboratory in Beltsville, MD.
In late summer 1987, after all emer-
gence had apparently stopped, the emer-
gence density of all borers and parasitoids 
was calculated for each branch. The insect 
emergence values were based simply on a 
count of all exit holes seen on the bark sur-
face. At first, I attempted to classify the exit 
holes as large (about 2.5 mm in diameter or 
larger) or small (less than 2.5 mm), thinking 
that the larger holes would represent bor-
ers and the smaller holes would represent 
parasitoids. However, this was not possible 
because there was considerable overlap 
between some the larger parasitoids (e.g., 
female Aulacidae) and the smaller borers 
(e.g., male Xiphydriidae). The bark surface 
area of each trunk or branch section was 
calculated as a cylinder, based on the aver-
age diameter of each cut end and the section 
length. As a proxy for borer size, the adult 
dry weight of selected borers and parasitoids 
was determined by drying undamaged (i.e., 
no missing body parts) insects to a constant 
weight, using an analytical balance. The 
intraspecific size variation value, I, was cal-
culated for these selected species as the ratio 
of the dry weight of the heaviest individual 
to the weight of the lightest individual in a 
method similar to that computed by Anders-
en and Nilssen (1983) based on insect length.
Statistical analyses. Mean differenc-
es in attack density and adult dry weight 
were tested for significance using a two-
tailed t-test. An alpha level of 0.05 was used 
to test for significance.
Results. In 1987, which was assumed 
the first year after infestation of the two 
birch stems that were cut in 1986, 190 in-
dividual borers, representing four species 
were reared, including two species of Ceram-
bycidae [Coleoptera: Sternidius alpha (Say) 
and Xylotrechus colonus (Fabricius)] and 
two species of Xiphydriidae (Hymenoptera: 
Xiphydria mellipes Harris and Xiphydria 
tibialis Say) (Table 1). The xiphydriid X. 
mellipes was the most common borer reared, 
representing 95% of all borers (Table 1). 
The sex ratio (male:female) of the reared X. 
mellipes was 1:1.4. Considering all borers, 
individuals were collected from 17 May to 
19 July 1987 (Table 1).
Similarly, 36 individual parasitoids, 
representing six species (all Hymenoptera), 
were reared from birch in 1987, including 
one species of Aulacidae (Aulacus pallipes 
Cresson), three Braconidae (Atanycolus 
impressifrons Shenefelt, Cenocoelius sp., 
and Coeloides rossicus betulae Mason), 
one Chalcididae (Haltichella sp.), and one 
Pteromalidae [Xiphydriophagus meyerinckii 
(Ratzeburg)] (Table 1). The most common 
parasitoid reared was the aulacid A. pallipes, 
representing 81% of all parasitoids collected 
(Table 1). The male:female sex ratio of the 
reared A. pallipes was 1:2.6. Considering all 
parasitoids, individuals were collected from 
10 May to 21 July 1987 (Table 1).
Overall, 225 exit holes were counted 
on the 16 trunk and branch sections, which 
corresponds closely to the 226 borers and 
parasitoids that were collected. Considering 
all exit holes, the mean (± SE) density was 
2.2 ± 0.7 exit holes/dm2 of bark surface area 
for all 16 sections. However, if the sections 
were divided into two groups based on aver-
age diameter then it was clear that densities 
were significantly higher (4.7 ± 0.8 exit holes/
dm2) on smaller branches (3–5 cm diam; N = 
7 sections) as compared with larger branch 
and trunk sections (0.3 ± 0.1 exit holes/dm2; 
5–10 cm diam; N = 9 sections; t-value = 6.35, 
P < 0.0001).
The mean dry weights for X. mellipes 
adults were 7.6 ± 0.5 mg for males (N = 20; 
range 4.8–12.1 mg) and 21.4 ± 0.5 mg for fe-
males (N = 38; range 13.3–27.2 mg); females 
were significantly larger than males (t-value 
= 17.8, P < 0.0001). Similarly, the mean dry 
weights for A. pallipes adults were 3.8 ± 0.5 
mg for males (N = 5; range 2.1–4.8 mg) and 
6.4 ± 0.5 mg for females (N = 12; 4.0–8.9 mg); 
females were significantly larger than males 
(t-value = 3.7, P < 0.003). Using the range 
of dry weights for the above species, I-ratios 
were 2.5 and 2.0 for X. mellipes males and 
females, respectively, and similarly 2.3 and 
2.2 for A. pallipes males and females.
Discussion. There is a succession of 
borers, parasitoids and other associated in-
sects that colonize the woody tissues of trees 
as they decline, die and decay (Blackman 
and Stage 1924, Savely 1939, Haack and 
Slansky 1987). For the four borers reared 
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in the present study, yellow birch is a new 
host record for the cerambycid S. alpha and 
the xiphydriid X. tibialis, although both have 
been reared from other Betula species, e.g., 
river birch (Betula nigra L.) (Patton 1879, 
Smith 1976, MacRae and Rice 2007). For 
the other two borers, Gosling (1986) reared 
X. colonus from yellow birch in Michigan, 
and Smith (1976) reports that X. mellipes is 
a birch specialist, having been reared from 
at least five birch species including yellow 
birch. Of the four parasitoids that were iden-
tified to the species level, only the braconid 
C. rossicus betulae has been reared from 
yellow birch (Mason 1978); however, the au-
lacid A. pallipes has been reared from other 
birch species (Townes 1950, Smith 2001), 
and the pteromalid X. meyerinckii, which is 
a European species, has been reared from 
birch in Europe as well as other hardwoods 
(Ferrière 1951).
All four borers reared in this study 
have previously been reported from Mich-
igan (Gosling 1973, Smith 1976, Gosling 
and Gosling 1977). Similarly, using the 
online SCAN database (https://scan-bugs.
org/) in March 2021, which contains collec-
tion records of insects from over 100 North 
American arthropod collections, Michigan 
specimens of all four borers currently reside 
in various collections throughout the United 
States. With respect to the four parasitoids 
identified to species, Michigan records have 
been published for A. pallipes (Townes 1950, 
Smith 2001), A. impressifrons (Shenefelt 
1943), and C. rossicus betulae (Mason 1978). 
Of these three species, Michigan specimens 
are reported in SCAN for only A. pallipes.
In the case of X. meyerinckii, no pub-
lished papers or SCAN records have been 
found stating that this insect has been 
previously collected in Michigan, and it is 
therefore considered a new state record. This 
pteromalid has been reported in Indiana, 
parasitizing Xiphydria maculata Say in 
maple (Acer) (Deyrup 1984), and reared from 
larch (Larix) in Newfoundland that were 
infested by the bark beetle Dendroctonus 
simplex LeConte (Coleoptera: Curculionidae: 
Scolytinae) (Langor 1991). In Europe, X. 
meyerinckii has been reared from at least two 
species of Xiphydria (Schimitschek 1974).
Table 1. Collection data for adult bark- and wood-infesting borers (Coleoptera and Hyme-
noptera) and parasitoids (Hymenoptera) reared from yellow birch (Betula alleghaniensis) 
trunk and branch sections held outdoors in 1987 in Ingham County, Michigan.
 Number collected Range of collection dates
FAMILY    Calendar Julian days  
Species Total Males Female days (mean) Identifier2
Borers      
CERAMBYCIDAE       
Sternidius alpha 1 n.a.1 n.a. VI 4 155 (155) DCLG
Xylotrechus colonus 4 n.a. n.a. VI 28–VII 11 179–192 (185) DCLG
      
XIPHYDRIIDAE      
Xiphydria mellipes 181 76 105 V 17–VII 19 137–199 (167) DRS
Xiphydria tibialis 4 1 3 VI 17–VII 3 169–184 (176) DRS
      
Parasitoids      
AULACIDAE      
Aulacus pallipes 29 8 21 V 28–VII 21 148–202 (168) DRS
      
BRACONIDAE      
Atanycolus impressifrons 3 0 3 V 10–V 21 130–141 (136) PMM
Cenocoelius sp.  2 1 1 V 10–V 21 130–141 (136) PMM
Coeloides rossicus betulae 2 1 1 VI 22–VI 28 173–178 (176) PMM
      
CHALCIDIDAE      
Haltichella sp.  1 0 1 V 28 148 (148) EEG
      
PTEROMALIDAE      
Xiphydriophagus meyerinckii  1 0 1 V 28 148 (148) EEG
1 Cerambycid adults were not sexed.
2 Identifiers: DCLG = David C. L. Gosling, DRS = David R. Smith, EEG = Eric E. Grissell, and PMM 
= Paul M. Marsh.
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I did not attempt to associate the para-
sitoids reared in this study with their insect 
hosts; however, Deyrup (1984) did make 
such associations through detailed dissec-
tions of infested branches. For the braconid 
A. impressifrons, Marsh (1979) reports 
that it has been reared from cerambycids. 
Similarly, the Cenocoelius species reared in 
the present study likely had a cerambycid 
host. In fact, the braconid Cenocoelius ash-
meadii Dalla Torre has been reared from 
the cerambycid S. alpha, as well as other 
cerambycids (Marsh 1979), and has been 
previously collected in Michigan based on 
SCAN records. Members of the chalcidid 
genus Haltichella are known to be primary 
parasitoids of Lepidoptera as well as hyper-
parasitoids of Braconidae and Tachinidae 
(Diptera) (Halstead 1990). The only species 
of Haltichella reported in SCAN to be from 
Michigan is Haltichella xanticles (Walker), 
which is recognized as both a primary para-
sitoid and hyperparasitoid (Halstead 1990).
Life history studies have been conduct-
ed on a few species of Xiphydria. Deyrup 
(1984) studied X. maculata and its parasit-
oids on maple in Indiana, and reported two 
of the same parasitoids as found in this study 
(C. rossicus betulae and X. meyerinckii), as 
well as two other distinct Aulacus species, 
one Braconidae, one Ichneumonidae, and 
one Orussidae (Hymenoptera). In addition, 
Deyrup (1984) reported univoltine life cycles 
for the borers and parasitoids in his study, 
adult flight for most species between late 
May and early August, and that X. maculata 
mostly infested maple branches and stems 
that were 2.5 to 9 cm in diameter. Working 
in New York, Blackman and Stage (1924) 
reported that Xiphydria hicoriae Rohwer, 
which infests hickory (Carya), was univol-
tine, had adult emergence mostly during 
July and early August, favored host material 
5–9 cm in diameter, and would reinfest the 
same host material at least once. Smith 
and Schiff (2001) reported that Xiphydria 
decem Smith and Schiff was reared from a 
recently dead branch (2.8–4.1 cm diam) of 
river birch in southern Illinois in April and 
May. In studies of Xiphydria picta Konow 
on alder (Alnus) in the North Caucasus re-
gion of southern Russia, Kravchenko (1972) 
noted that infestation occurs soon after tree 
death, oviposition is primarily on stems 
and branches 4–40 cm in diameter, borer 
densities are highest on smaller diameter 
trunk and branch sections, the flight season 
extends from July to early September, and 
the sex ratio is female biased.
Deyrup (1984) noted that the Aulacus 
females in his study oviposited on Xiphydria 
eggs. Worldwide, several Aulacus species 
use xiphydriids as hosts, especially in the 
northern hemisphere, as well wood-boring 
Coleoptera, especially in the southern hemi-
sphere (Evenhuis and Vlug 1975, Smith 
2001, Jennings and Austin 2004).
Andersen and Nilssen (1983) reported 
that intraspecific size variation (I) was gen-
erally lower for free-living groups (usually 
families) of beetles (family medians of 1.1 to 
1.4) compared with those that developed in 
woody tissues [medians of 1.2 for ambrosia 
beetles (Platypodinae and some Scolytinae) 
to 2.1 for wood-borers of the cerambycid 
subfamily Spondylidinae (= Aseminae)]. 
The highest I value for individual species 
was 3.3 for two Cerambycinae cerambycids. 
Haack and Slansky (1987) calculated mean 
I values of 2.8 for 12 Siricidae and 2.8 for 
9 Xiphydriidae, all of which are wood-in-
festing Hymenoptera. The I index value for 
X. mellipes, combining data for males and 
females, is 2.7 based on length data given in 
Smith (1976) and 5.9 based on dry weights 
from the present study. For the A. pallipes 
parasitoids reared in the present study, the 
I index value for males and females com-
bined is 4.2 based on dry weight. Such wide 
variation in intraspecific size in wood-boring 
insects likely reflects, in part, differences in 
nutritional quality and water content of the 
woody tissues (Andersen and Nilssen 1983, 
Haack and Slansky 1987, Shibata 1998, 
Torres-Vila et al. 2018). Similarly, the broad 
size variation noted in the borer X. mellipes 
is likely the main reason for size variation in 
the parasitoid A. pallipes. Others have found 
that parasitoid size tends to increase with 
the size of the larval host in various bupres-
tid and cerambycid borers (Urano and Hijii 
1995, Paine et al. 2004, Wang et al. 2008).
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Idana marginata (Say 1830) (Diptera: 
Tephritoidea: Ulidiidae) (Fig. 1) is one of the 
largest ulidiids in North America (Marshall 
2012) and the only species of Idana Loew. 
Little is known regarding its natural history 
although Marshall (2012) indicated larvae 
develop in compost. The species has previ-
ously been recorded from southeastern Can-
ada and the northeastern United States from 
Michigan and Indiana east to Massachusetts 
and south to Virginia (Steyskal 1965, 1987). 
However, Brimley (1938) recorded I. mar-
ginata from Linville Falls, North Carolina 
during May.
Methods
Specimen data and Specimens
Label data from the new state record 
reported below are presented verbatim. The 
specimens were field collected into 70–80% 
ethanol. However, since most Diptera are 
prone to excessive tissue distortion during 
the normal dehydration process associated 
with pinning, the HMDS technique (Nation 
1983) was used in specimen preparation to 
minimize exoskeletal collapsing and shriv-
eling.
The specimens of I. marginata reported 
herein are vouchered in the Insect Research 
Collection (WIRC) of the Department of En-
tomology, University of Wisconsin-Madison.
Study Site
Habitat images (Fig. 2a, b), albeit 
from different points in time, reference the 
locality where the Lindgren trap was set 
from which the specimens were captured. 
New Record of Idana marginata (Say) 
(Diptera: Tephritoidea: Ulidiidae) from Wisconsin
Daniel K. Young
Department of Entomology, University of Wisconsin; Madison, WI 53706.
(e-mail: young@entomology.wisc.edu; ORCiD ID: 0000-0002-5711-2519).
Abstract
Idana marginata (Say) (Diptera: Tephritoidea: Ulidiidae) was previously known from 
northeastern North America: Canada and the United States, west to northeastern Illinois 
and south to North Carolina. Herein, collection events are reported from Richland County 
in southwestern Wisconsin. This new state record significantly increases the known 
geographical distribution of the species to the west. The specimens were recovered from 
an unbaited Lindgren funnel trap during two intervals between 26 June and 28 July 2019.
Keywords: Ulidiidae, Idana marginata, distribution, Wisconsin
Figure 1. Idana marginata (Say). Habitus, dorsal 
view. Focus-stacked digital image: Craig Brabant.
The site is located near the north shoreline of 
the Cruson Slough of the Wisconsin River in 
the southeastern corner of Richland County. 
This site is part of the Lone Rock Unit of the 
Lower Wisconsin State Riverway (LWSR) in 
southwestern Wisconsin. The habitat was 
historically a Quercus-Pinus sand barren 
immediately to the north and the slough 
bottomland to the south. Most of this area 
has recently been highly modified with much 
of the oak-pine removed. The extent to which 
these management practices may have im-
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Figure 2. General habitats where Idana marginata (Say) specimens were collected. [Images were 
captured April 2014 (a) and April 2015 (b).] Digital images: DKY.
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pacted the habitat of I. marginata remains 
to be determined.
Results and Discussion
One male and two females of I. margin-
ata (Fig. 1) were recovered from an unbaited 
Lindgren funnel trap: [1st label] USA: WI: 
Richland Co. // LWSR – Lone Rock Unit // 
43.19356°N/-90.23950°W // WGS84; 26 June 
–5 July 2019 // Jacquelyn R. Whisenant; [2nd 
label] unbaited Lindgren trap on // tree 10 
meters from river// 20190626_JRW_LoneR. 
An additional three males and four females 
were recovered from the same trap during 
the subsequent sampling interval: [1st label] 
USA: WI: Richland Co. // LWSR – Lone Rock 
Unit // 43.19356°N/-90.23950°W // WGS84; 
5–28 July 2019 // Jacquelyn R. Whisenant; 
[2nd label] unbaited Lindgren trap on // tree 
10 meters from river// 20190705_JRW_Lon-
eR.
It should be noted the “river” described 
on the collection event labels is actually an 
outflow of the slough that passes beneath a 
nearby earthen levy. The discharge even-
tually flows back into the Wisconsin River 
approximately one mile from the levy. Al-
though the microhabitat is in proximity to 
the discharge of the Cruson Slough, no ref-
erence to I. marginata was made by Keiper 
et al. (2002).
Prior to the current discovery, the 
western-most record for I. marginata was 
from Indiana (Steyskal 1965). More spe-
cifically, data from the Global Biodiversity 
Information Facility (GBIF) (https://www.
gbif.org/species/1523861) indicate records 
from as far west as northwestern Indiana. 
An additional record has also been validated 
from the internet: St. Charles, DuPage Co., 
IL, 5 June 2019 (https://bugguide.net/node/
view/1671858/bgimage). The Wisconsin re-
cords reported here are approximately 170 
miles west-northwest of the Illinois location 
and the land between the two locations has 
become highly altered by human activity, 
largely agricultural. Thus, it would be in-
teresting to explore whether any gene flow 
remains between what might now represent 
disjunct populations. Interestingly, my 
students and I have collected at this site 
numerous times in the past 20+ years by 
hand, Malaise traps, and Lindgren funnel 
traps without previously encountering this 
large, conspicuous and colorful ulidiid fly.
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Lestes australis Walker (commonly 
known as southern spreadwing) (Odonata: 
Lestidae) is an enigmatic, uncommon, ear-
ly-season species in Wisconsin, where it is 
at the northern edge of its eastern North 
American range (Paulson 2011). It is enig-
matic, in part, because its identification has 
long been confused with two morphologically 
similar species, L. forcipatus Rambur (sweet-
flag spreadwing) and L. disjunctus Selys 
(northern spreadwing, formerly common 
spreadwing). Prior to the late 1940s, ento-
mologists were unaware that the australis 
form existed. Montgomery (1941) warned 
that determinations of L. disjunctus and L. 
forcipatus had been so badly confused that 
published records of the two species should 
be disregarded. Walker (1952) named the 
australis form as a new subspecies of L. 
disjunctus and he stated that this form “has 
caused all the confusion between L. disjunc-
tus and forcipatus.” A measure of confusion 
concerning the identification of L. australis 
persists to this day.
It remains unclear if L. australis is a 
valid species or a subspecies of L. disjunctus. 
Since Walker (1952) named it as a subspe-
cies, most references on Odonata have treat-
ed it as such (see Westfall and May 2006). 
However, Donnelly (2003) urged that L. 
australis should be elevated to species status 
because of widely overlapping ranges and 
morphological and life history differences 
between it and the nominate L. disjunctus, 
and he noted that the most difficult diag-
nosis in the complex is in distinguishing 
the males of L. forcipatus and L. australis. 
Paulson (2004) cited the arguments given by 
Donnelly (2003) and stated that L. australis 
and L. disjunctus “must be recognized as a 
more northerly and a more southerly species 
distinct from one another.” Still, Westfall 
and May (2006) provisionally retained L. 
australis as a subspecies of L. disjunctus be-
cause of a lack of genetic distinction between 
the two forms. Paulson (2011) acknowledged 
that the genetic differences between L. aus-
tralis and L. disjunctus are less than those 
between most species of Lestes, but he again 
advocated that L. australis was deserving 
of full species rank because of structural 
differences and a different flight season. 
Abbott (2011) also considered L. australis 
to be deserving of full species status, as do 
we in this note.
Current identification tools (Walker 
1952, 1953; Catling 2003; Donnelly 2003; 
Lam 2004; Westfall and May 2006; Abbott 
2011; Paulson 2011; DuBois 2019) allow 
clear separation of males of L. australis 
and L. disjunctus, but distinguishing males 
of L. australis and L. forcipatus remains 
somewhat uncertain due to subtle mor-
phologic and color- and pruinosity-pattern 
differences, and probable overlap in some of 
the frequently used character states. There-
fore, when determining these species, field 
guide authors have recommended looking 
The Puzzling Presence of Lestes australis (Odonata: Lestidae) in 
Wisconsin—Does This Species Migrate?
Robert B. DuBois1,* and Kenneth J. Tennessen2
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1701 North 4th Street, Superior, Wisconsin 54880 (retired).
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Abstract
Lestes disjunctus australis Walker (Odonata: Lestidae), 1952 was described as a sub-
species of Lestes disjunctus Selys, 1862. In recent decades it has been considered deserving 
of full species status by most specialists. The core of its eastern North American range is 
south of Wisconsin, but during April through June of some years, mature individuals, and 
occasionally reproductive behavior, are observed at shallow ponds and wetlands mostly in 
the southern half of the state. Since first recorded in Wisconsin in 2002, it has been detected 
in 13 of Wisconsin’s 72 counties. However, there has been no unequivocal documentation of 
successful reproduction in the state. Various possibilities regarding long-range dispersal or 
facultative migration of this species and other species of Zygoptera are discussed.
Keywords: Zygoptera; Lestes australis; Lestes disjunctus australis; migration; dis-
persal
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for associated pairs because females of L. 
forcipatus have a long and easily recognized 
ovipositor that will help rule out L. australis 
(Lam 2004, Paulson 2011, DuBois 2019), 
but they also warn that males of species of 
Lestes will sometimes form tandem with the 
wrong species.
The first Wisconsin record for L. aus-
tralis was a male collected on 26 June 2002, 
at a beaver pond in northern Douglas County 
(one of Wisconsin’s northern-most counties; 
Fig. 1). It was determined as L. australis by 
RBD, but because it was so far north of its 
known range, it was sent to T. W. Donnelly, 
an expert with the group, for verification. 
Donnelly confirmed the specimen as L. aus-
tralis. Subsequent visits to the site did not 
detect more specimens, so it was presumed to 
be a vagrant. Five years later, another male 
was collected in Monroe County on 28 April 
2007. When adult odonates in Wisconsin are 
seen as early in the flight season as April, 
they are usually migrants, such as Anax 
junius (Drury) and Sympetrum corruptum 
(Hagen). May (2013) noted that the mean 
date of first appearance of migrants was 
at least six weeks earlier than the mean 
date of first emergence of resident species 
in Maryland and New York. We therefore 
considered the possibility that L. australis 
might be a migrant. We are not the first 
to voice the possibility of migration in this 
species. Donnelly (1992) noted that in some 
years, numbers of L. australis were taken 
at several sites around Binghamton, New 
York, which he called episodic irruptions. 
These observations led Soltesz et al. (1995) to 
pose the question, “Do Zygoptera migrate?”
Another five years passed without 
additional observations of L. australis, but 
the lack of observations could have been 
due to low levels of early season sampling 
effort rather than the absence of the species 
in the state. In 2012, unassociated males of 
L. australis and some pairs in copula and 
ovipositing were observed on four occasions 
from mid-May to mid-June in a small, fre-
quently visited retention pond in the Town 
of Holmen, La Crosse County (D. Jackson, 
pers. comm.). Since then, at least a few ear-
ly-season individuals of L. australis have 
been observed most years at this retention 
pond, including many males and repro-
ductive behavior in 2015 and 2018. Lestes 
australis was not seen at the pond in 2013 
or 2019, and in May 2020 only a single male 
was found. However, two teneral Lestes, a 
male and a female, were collected along a 
short shoreline of the pond on 24 July 2020. 
Both were tentatively determined as L. aus-
tralis, but because of their teneral condition, 
including some key body parts being twisted 
or shriveled, and the lack of full color or 
any pruinosity, their identity could not be 
confirmed with certainty.
At another frequently visited site, a 
man-made wildlife pond in the Buena Vista 
State Natural Area in Portage County, we 
observed L. australis adults on two occasions 
in 2016 and 2017. We made four visits to the 
pond in May 2017 to collect Lestes nymphs, 
hoping to document survival of L. australis 
through the winter. However, all 17 nymphs 
reared from the pond were L. eurinus Say 
(amber-winged spreadwing), and 74 F-0 
and F-1 nymphs that were preserved and 
identified were also all L. eurinus.
Over the last decade, individual males 
or in a few cases multiple specimens have 
been observed or collected at a handful of 
additional sites so that L. australis has 
now been observed in 13 of Wisconsin’s 72 
counties, mostly in the southern half of the 
state (Fig. 1; https://wiatri.net/inventory/
odonata/SpeciesAccounts/SpeciesDetail.
cfm?TaxaID=168). However, the only hint 
of successful reproduction remains the un-
certain determinations of two tenerals at the 
Holmen retention pond in 2020.
In central and southern Wisconsin, the 
habitats where L. australis has been found 
include permanent, but usually shallow 
ponds and marshes with abundant emergent 
vegetation and probably an absence of fish 
(at least lacking centrarchids). Elsewhere 
in the range of L. australis it is also found 
in lakes and slow streams, but we have not 
found it in those habitats in Wisconsin. 
Here it has a short, early flight period that 
peaks in late May and early June. Any Lestes 
seen in Wisconsin in April or the first half 
of May are most likely to be L. australis. 
In the core of its range in the U.S. south of 
Wisconsin, L. australis is known to have 
a long flight season that extends well into 
autumn (Paulson 2011), but in Wisconsin it 
has not been confirmed later than the end of 
June. Lestes eurinus is also an early season, 
resident Wisconsin species commonly found 
in the same habitats as L. australis, but it is 
larger and distinctively marked, and while 
there is overlap in the flight periods of the 
two species, the onset of the flight season of 
L. australis is earlier by more than a week. 
Specimens of L. australis arrive suddenly 
and fully mature, as would be expected with 
migration or extreme vagrancy. However, 
we cannot dismiss the possibility of some 
successful reproduction in Wisconsin, or even 
the existence of some resident populations. 
Successful reproduction is expected to be 
hard to confirm because of the previously 
noted difficulty of identifying the species, 
especially when teneral, or as nymphs or 
exuviae.
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Based on the limited data, we suggest 
that L. australis has a substantial tendency 
to disperse, and that it does so into Wis-
consin from unknown areas to the south. 
Long-range dispersal is known to be frequent 
and wide-spread in the Odonata (Russell et 
al. 1998, Corbet 1999, Dijkstra 2007, May 
2013), and large strong-flying insects like 
odonates would be expected to have a wider 
range of dispersal than most insect groups 
(Gillespie and Roderick 2002). Zygoptera 
are not generally known to have strong 
dispersal tendencies, but dispersal has only 
rarely been rigorously studied for species of 
Lestes. Conrad et al. (1999) reported that 
8.1% of Lestes sponsa (Hansemann) made 
short-range dispersals away from their natal 
pond in a series of nearby ponds (distances 
between ponds 30-860 m), a finding that was 
similar to the dispersal percentages of six 
other species of Odonata at the ponds (range 
3.4–11.9%). Utzeri et al. (1984) described as 
“scarce” the short-range dispersal (up to 100 
m) of Lestes barbarus (Fabricius) in a net-
work of small ponds, such that colonization 
of non-populated ponds was not promptly 
obtained. Longer-range dispersals of Lestes 
have not been documented.
We note, however, that Zygoptera 
have the flight capabilities to be highly 
vagile, and one tiny coenagrionid, Ischnura 
hastata (Say) (citrine forktail), is known 
to have colonized the Azores archipelago, 
Figure 1. Counties in Wisconsin where observations of Lestes australis have been recorded. 
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which is located about 1,500 km from the 
nearest mainland, and it has been captured 
at an altitude of 300 m in nets deployed from 
aircraft (Cordero Rivera et al. 2005). We sug-
gest that the movements of Zygoptera might 
often go undetected because they are small 
and hard to see at most distances, and some 
evidently move at altitudes where observers 
are not usually looking. Holt (2003) noted 
the probability in most species of animals of 
genetic variation in niche requirements and 
in dispersal tendencies among individuals. 
While dispersal confers advantages for colo-
nizing new habitats and maintaining genetic 
diversity (Smith et al. 2009), it also leads to 
individuals temporarily occupying habitats 
in which their niche requirements are not ad-
equately met (known as “sink” populations). 
This could be the case when L. australis 
adults disperse into Wisconsin, because the 
eggs or nymphs might not be adapted to 
survive the long, cold winters. If the tenerals 
found at the Holmen pond on 24 July 2020 
were indeed L. australis as is likely the case, 
then egg and nymph development could have 
been completed in as little as about 8 weeks. 
It is possible that L. australis is expanding 
its range northward in response to ecological 
factors like climate change or spatial varia-
tions in environmental conditions. Grewe et 
al. (2013) found that lentic species of some 
European Odonata have expanded their 
range boundaries northward by an average 
of 115 km per decade, but that lotic species 
in the same southern European group have 
not, on average, changed their boundaries. 
They concluded that lentic species are bet-
ter adapted to disperse than lotic species 
because their habitats are less persistent in 
time and space. Dispersal could also result 
from shifts in abundances of interacting 
species in source habitats, or because of 
internal traits like tendencies to disperse or 
recent adaptations to niche characteristics 
(Holt 2003).
Lestes australis is not the only species 
of Zygoptera having some individuals that 
make occasional northern forays into Wis-
consin from primary breeding areas to the 
south, as I. hastata evidently behaves in 
similar fashion, although with the difference 
that successful reproduction in Wisconsin of 
that species has been documented (Tennes-
sen 2011). The term “facultative migrant” 
has sometimes been used to describe odo-
nates that do not have annual, directed mi-
gration flights in the classical sense, but that 
disperse north only in years when drought 
conditions affect habitats within their usual 
breeding ranges, or when prolonged souther-
ly winds facilitate long-distance northward 
transport (Soltesz et al. 1995, Russell et al. 
1998). Short-distance flights of odonates have 
been called seasonal refuge flights (Corbet 
1999, May 2013) and occasional or irregular 
flights have been called irruptions (Donnelly 
2003, May 2013). In any case, gaining more 
knowledge about the movement patterns 
of widely dispersing or transient species of 
Odonata could benefit our ability to protect 
any habitats that might be valuable in their 
life history. We therefore urge observers to 
report Wisconsin records of Odonata to the 
Wisconsin Odonata Survey http://wiatri.net/
inventory/odonata/ and to OdonataCentral 
https://www.odonatacentral.org.
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